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Digestive organs are essential in the human body. The vertebrate digestive organs are all 
derived from the endoderm. Endoderm development is conserved among the vertebrates 
and is characterized by several basic morphogenesis processes, including endoderm 
formation, gut formation, organ budding, and cell differentiation and proliferation within 
the organ buds. Through studies in frog, chicken and mouse, several key regulators 
important for the development of digestive organs have been identified. However, due to 
the complexity of the endoderm organogenesis, little is known about the molecular 
mechanisms underlying these factors. Owing to its advantages for genetic and 
developmental studies, zebrafish has recently emerged as a good model organism to 
study the digestive organogenesis. The main aim of this study is to determine the 
functional role of the def (digestive-organ expansion factor) gene in the development of 
endoderm-derived organs through studying a loss-of-function mutation in the def gene in 
zebrafish. 
The defhi429 mutation is caused by a retroviral vector insertion in the second intron of the 
def gene. Characterization of defhi429 mutants using different organ specific markers 
showed that the def mutation affected cell proliferation, not cell differentiation, in the 
developing digestive organs except the endocrine pancreas at the later stage of endoderm 
organogenesis. The mutant phenotype coincides with the spatial expression pattern of def. 
The data from the complementation test and morpholino knockdown assay confirmed 
that the retroviral insertion in the def gene resulted in the compromised growth of the 
digestive organs in the defhi429 mutant.  
 viii
Immunostaining revealed that def encodes a novel nuclear-localized pan-endoderm-
specific factor. To identify Def interacting proteins functioning in regulation of the 
growth of the digestive organs, Def was used as a bait in yeast two-hybrid screening and 
16 candidates showing strong interaction with Def were identified. Whole-mount in situ 
hybridization showed that 15 candidates are enriched in one or more digestive organs 
during embryogenesis. To gain further insight into the biological functions of these Def 
interacting proteins, we designed gene-specific morpholinos targeting appbp2, L159, 
L221, L245 and rybp, five genes and observed that knock-down of appbp2, L159, L221 
and L245 in developing zebrafish embryos caused a phenotype mimicking the phenotype 
of defective digestive organs in the defhi429 mutant. In contrast, rybp MO did not cause 
obvious phenotype in the wild type embryos but could partially rescue ifabp expression 
in the intestine in the defhi429 mutant. Co-IP showed that Def and Rybp physically interact 
with each other in vivo. These results suggest that Appbp2, L159, L221 and L245 might 
form a complex with Def, either individually or collectively, to control the endoderm 
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Chapter 1 Introduction 
 
In biology, development is the process by which a living thing transforms itself from a 
single cell (also called zygote) into a vastly complicated multicellular organism, with 
structures, such as limbs, and functions, such as respiration, all able to work correctly in 
relation to each other. Interestingly, although the early embryos of different vertebrates 
such as frog, fish and mammals have different architectures and modes of morphogenesis, 
they all become oriented from anterior to posterior and from dorsal to ventral early in 
development, and generate a similar body plan prior to organogenesis. The embryonic 
body plan composes of three primary germ layers which are specified along with tissue 
movements during gastrulation. The ectoderm is the outermost germ layer which gives 
rise to the nervous system and skin; the mesoderm surrounds the endoderm and develops 
into blood, kidney, heart, muscle and bone; the endoderm is the innermost germ layer 
which gives rise to respiratory and digestive systems and to the associated organs such as 
thyroid, liver, pancreas, gallbladder, lungs in mammalian, and swim bladder in fish. 
Since endoderm-derived organs play an important role in the human body, dysfunction of 
any endoderm-derived organ will result in disease that directly affects the human heath, 
and even threatens the life. For example, diabetes occurs due to the dysfunctional islets in 
the pancreas; liver dysfunction triggered by fatty liver and liver fibrosis can cause 
multiple pathological symptoms in the human body.  Endoderm-derived organs are now 
receiving increased attention on two fronts. First, the recognition of lung, liver, 
pancreatic and intestinal development will provide useful information for treating 
diseases of these organs. Second, lost or dysfunctional tissues may be replaced by 
directed stem cell differentiation and/or regeneration, and this possibility will come true 
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in the context of understanding of endoderm-derived organ development. Unfortunately, 
although some of the central features during endoderm-derived organ development are 
becoming understood, most of the details of this process remain unknown. With advances 
in functional genomics and experimental ingenuity, there is every reason to believe that 
significant advances in the developmental biology will be forthcoming.  
Because the three major digestive organs, intestine, liver and pancreas are the focus in 
this project, the literature review starts with summarizing our current knowledge about 
morphogenesis of these organs and the transcription factors and signaling molecules 
involved in mediating these developmental processes in mouse and chick. Because this 
project is carried out in zebrafish, the literature review has also introduced the advantages 
of using zebrafish as a genetic model for studying vertebrate development and followed 
by a review on our current knowledge about endoderm organogenesis in zebrafish. 
 
1.1 Current knowledge of endoderm organ development in vertebrate 
 
1.1.1 Morphogenesis of endoderm-derived organs  
In vertebrates, the development of endoderm and endoderm-derived organs is normally 
divided into four stages: formation of endoderm during gastrulation, morphogenesis of a 
gut tube from a sheet of endoderm cells, budding of organ domains out from the tube and 
differentiation and proliferation of organ-specific cell types within the growing buds 
(Figure 1.1). Despite the difference in how frog, chick and mouse initiate endoderm 
formation, the core endoderm regulatory circuit of Nodal, Mix-like, Sox, Foxa and 
GATA is evolutionarily conserved (Zorn and Wells, 2007). After the gut tube is formed, 
the signals derived from adjacent mesodermal and ectodermal structures pattern this gut 
 3
tube, resulting in the appearance of different organ domains in four regions (Figure 1.1). 
Region I contributes to liver, ventral pancreas, lung and stomach; Region II develops into 
esophagus, stomach, dorsal pancreas and duodenum; Region III gives rise to the small 
intestine; Region IV forms the large intestine (colon). These signaling pathways includes 
the bone morphogenetic protein (BMP) pathway essential for anterior/ventral patterning 
of the gut tube, retinoic acid (RA) pathway and sonic hedgehog (Shh) pathway in foregut 
anterior-posterior (A-P) patterning, and Shh/BMP4 in hindgut A-P patterning through 
regulating the of Hox gene expression (Wells and Melton, 1999). 
 
1.1.2 Small intestine development  
 
1.1.2.1 Structure and functions of small intestine 
The small intestine in higher vertebrates is an exceptionally long organ that functions in 
the digestion and absorption of ingested nutrients, and also functions as a barrier to 
pathogens and other environmental toxins. The small intestine is characterized by two 
compartments, (1) the crypts of Lieberkühn comprising the intestinal stem cells and the 
proliferative cells and (2) villi composed of the differentiated cells. The intestinal stem 
cells give rise to four principal epithelial cell types: Paneth cells which remain at the 
crypt base, absorptive enterocytes, goblet cells and enteroendocrine cells, which populate 
the villi. One important characteristic of the adult intestine is the constant and very active 
cell renewal, which includes self-renewal of stem cells, progenitor cell proliferation, cell 
fate-specific differentiation, cell migration and cell death in spatially distinct 
compartments along a crypt-villus axis.  
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1.1.2.2 Morphogenetic events of small intestine development in mouse 
As one part of the gastrointestinal tract, small intestine also develops from endoderm. 
Intestinal organogenesis proceeds as a proximal-to-distal wave of morphogenetic events 
(Kaufman and Bard, 1999). Generally, the process of small intestinal endoderm 
differentiation is divided into two phases in rodents. From E15 to birth in mouse, the 
polarized columnar epithelium is transformed from the pseudostratified cuboidal 
endodermal layer due to differentiation from the duodenum to the colon. During this 
stage, owing to the epithelium folding, the formation of intestinal villa occurs in a 
proximal-to-distal wave similar to cytodifferentiation (Karlsson et al., 2000). This 
epithelium compartmentalizes into differentiating cells located on the villi and 
proliferating cells populating the intervillus epithelium. From postnatal day (P) 1 to P28, 
the formation of basal crypts occurs after reshaping the intervillus epithelium (Calvert 
and Pothier, 1990). Differentiation of Paneth cells coincides with the crypt generation 
(Bry et al., 1994).  
 
1.1.2.3 Signals and factors controlling small intestine development in mouse  
Transplantation experiments using rat E14 small intestinal segments or mice E15 whole 
intestinal part as a donor have shown that the differentiation timing of transplanted 
endoderm intrinsically occurs according to the correct anterior-posterior wave (Rubin et 
al., 1992; Duan et al., 1993; Falk et al., 1994). These data suggests that the intestinal 
anlage holds all necessary information for correct patterning of the small intestine along 
the A-P axis before E15. Expression patterns and results of gene targeting knock-out have 
revealed that a variety of signals from surrounding mesenchyme are involved in inducing 
the activity of transcription factors in the intestinal endoderm, which in turn drives 
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region-specific differentiation during intestine development. These signaling pathways 
include the BMP pathway (Roberts et al., 1998; Batts et al., 2006), Fibroblast growth 
factor (Fgf) pathway (Dessimoz et al., 2006; Fairbanks et al., 2006), Notch pathway 
(Jensen et al., 2000), RA pathway (Lipscomb et al., 2006), Shh pathway (Roberts et al., 
1998; Ramalho-Santos et al., 2000) and Wnt/β-caterin /Tcf4 signaling pathway (van den 
Brink et al., 2004; Korinek et al., 1998).  
Numerous transcription factors controlling the intestinal epithelium differentiation have 
also been reported. Except the function of sox17 in early endoderm formation, it also acts 
on gut endoderm development (Kanai-Azuma et al., 2002). Hox genes play a conserved 
role in the intestinal epithelium differentiation (Roberts et al., 1998; Kapur et al., 2004). 
The action of GATA-4 (GATA binding protein) is required for the postnatal intestine 
maturation (Fang et al., 2006). Several factors are required for differentiation of secretary 
cells, including Mtgr1 important for the maturation of Paneth, goblet and enteroendocrne 
cells in the small intestine (Calabi et al., 2001; Amann et al., 2005), Math1 essential for 
differentiation of intestinal Paneth and goblet cells through the function of Gfi1 (Yang et 
al., 2001; Shroyer et al., 2005), and Peroxisome proliferators-activated receptors 
(PPARβ/δ) required for Paneth cell differentiation via inhibiting Shh signaling pathway 
(Varnat et al., 2006). However, Protein tyrosine kinase 6 (Ptk6, also know as Brk) 
controls enterocyte differentiation and negatively regulates villus formation in the small 
intestine (Haegebarth et al., 2006).` 
 
1.1.3 Liver development  
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1.1.3.1 Structure and functions of liver  
The liver is the center of metabolism in adult animals and performs numerous functions, 
including glycogen storage, carbohydrate metabolism, lipid metabolism, urea synthesis, 
drug detoxification, plasma protein secretion, bile production, and so on. The fetal liver 
serves as a site for hematopoiesis during gestation, but it lacks most metabolic functions 
as in the adulthood; thus the liver plays essential but distinct roles in the fetus and adult. 
However, as a large internal organ, the liver contains a relatively small numbers of 
differentiated cell types. For example, 60% of cells in the adult rat liver are hepatocytes, 
polarized epithelial cells, which carry out the major functions of the liver, while Kupffer 
cells, cholangiocytes (bile duct cells), stellate cells and endothelial cells are the remaining 
cells in the liver. Moreover, the liver possesses extraordinary regenerative capability. For 
example, the mouse adult liver can recover its original mass and function within a week 
from 30% of the mouse adult liver after a surgical resection. This is mainly attributed to 
the characteristics of hepatocytes, which make hepatocyte act as unipotential stem cells. 
It also indicates the existence of bipotential hepatic stem cells, which can differentiate 
into either hepatocytes or bile duct cells. 
 
1.1.3.2 Different stages of liver organogenesis 
The liver is an endoderm-derived organ and its development is conserved among frog, 
chick and mouse. In general, liver development in mouse is composed of five distinct 
stages: acquirement of hepatic competence, hepatic specification, liver bud formation and 
growth, and hepatocyte and cholangiocyte differentiation (Figure 1.2) (Zaret, 2002; 
Duncan, 2003). In mouse, liver development starts from the definitive endoderm at the 
end of gastrulation (E7.5). Although this definitive endoderm as a single-cell thick 
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epithelial sheet covers the bottom surface of the developing embryo at this stage, cells in 
the anterior definitive endoderm acquire the hepatic competence due to the induction of 
signals from the neighboring mesoderm tissues. Subsequently the foregut and hindgut are 
generated owing to invaginations at the anterior and posterior ends of the embryo. 
Albumin, a characteristic marker of hepatic specification, can be detected at the ventral 
foregut. By the 14-somite stage (E9.0), the liver bud is first morphologically 
distinguishable as an outgrowing sructure in the ventral endoderm, which is separated 
from the surrounding septum transversum mesenchyme (STM) by basement membrane 
(Douarin, 1975; Medlock and Haar, 1983). In the following stage, along with the gradual 
disruption of the basement membrane, the pre-hepatic cells (hepatoblasts) within the 
primary liver bud delaminate from the foregut and migrate into the surrounding STM to 
undergo rapid proliferation and differentiation (Douarin, 1975; Medlock and Haar, 1983). 
Since the fetal live serves as a tissue for haematopoiesis during gestation, the vascular 
development in liver is essential.  Angioblasts, precursors of endothelial cells, start to 
appear near the hepatoblasts at the stage of hepatic specification. During the outgrowth of 
the liver bud, primitive endothelial cells invade in the STM as the hepatoblasts and 
eventually form the vascular structure in the nascent liver (Matsumoto et al., 2001). The 
hepatoblasts remain in a morphologically undifferentiated state until day 12 of gestation 
in the mouse (Medlock and Haar, 1983). Then the differentiation of the hepatocyte and 
bile duct cells proceeds gradually, revealed by the cell transition from an oblong shape to 
spherical, and finally to polygonal (Vassy et al., 1988; Germain et al., 1988).  
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1.1.3.3 Different signals and factors in controlling liver development 
Tissue recombination experiments performed in chick and mouse have shown that the 
inductive Fgf secreted from precardiac mesoderm and BMP from STM combine to render 
cells in the invaginated ventral foregut with competency to follow a hepatic fate through 
actions of the transcription factors Hnf3 (hepatocyte nuclear factor-3, also FoxA, 
forkhead box A) and GATA-4 (Bossard and Zaret, 1998; Jung et al., 1999; Rossi et al., 
2001; Cirillo et al., 2002; Gualdi et al., 1996). In addition, endothelial cells may provide a 
crucial growth stimulus required for the proliferation and migration of hepatoblasts 
(Matsumoto et al., 2001).   
The formation of liver bud is also related to other transcription factors, such as Hex and 
Prox1. The studies of hex mutants have revealed that Hex (haematopoietically expressed 
homeobox) is essential for the earliest steps of liver-bud emerging (Keng et al., 2000; 
Martinez Barbera et al., 2000; Bort et al., 2006). The studies of prox1 knock-in mutants 
have shown that Prox1, a homeobox transcriptional factor homologous to Prospero in 
Drosophila, regulates hepatoblasts to delaminate from the foregut and migrate into the 
STM, but it does not play a role in hepatic specification (Oliver et al., 1993; Sosa-Pineda 
et al., 2000).  
During the proliferation and expansion of hepatoblasts, various growth factors as well as 
apoptotic factors from STM and mesenchymal cells within the liver bud are essential for 
activating the intracellular signals and transcription factors in hepatoblastes. Hlx (H2.0-
like homeobox gene), Hgf (hepatocyte growth factor), c-Met (the Hgf receptor) and TGF-
β pathway play curial roles in the proliferation of hepatoblasts, while c-Jun, Xbp1 (X-box 
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binding protein 1), and NFκB (nuclear factor-κB) function in protecting hepablasts from 
apoptosis (Zaret, 2002; Duncan, 2003; Tanimizu and Miyajima, 2007).  
During the stage of hepatocyte and cholangiocyte differentiation, transcriptional cascades 
control the differentiation of hepatic lineages. Inactivation experiments have shown that 
Hnf1, Hnf4α and Hnf6 are responsible for the differentiation of the corresponding 
lineages. Hepatocyte nuclear factor-6 (Hnf6) plays a positive role through hepatocyte 
nuclear factor- 1β (Hnf1β) in controlling the differentiation of biliary epithelial and the 
development of bile ducts as well as of the gall bladder (Clotman et al., 2002; Coffinier et 
al., 2002). Hepatocyte nuclear factor-4α (Hnf4α) is crucial for terminal hepatocyte 
differentiation by direct activating hepatocyte genes that encode apolipoproteins, serum 
factors and metabolic enzymes and/or modulating transcriptional regulators, such as 
Hnf1α and Pxr (also known as Nrli2; nuclear-receptor subfamily 1, group I, member 2) 
(Holewa et al., 1996; Li et al., 2000; Odom et al., 2004).  
 
1.1.4 Pancreas development  
 
1.1.4.1 Structure and functions of Pancreas 
The pancreas plays a central role in energy balance and nutrient regulation through the 
function of two distinct tissues: the exocrine pancreas and endocrine pancreas. The 
exocrine pancreas has two components: acinar cells and ductal epithelial. Acinar cells can 
produce and secret a variety of digestive enzymes, such as proteases, lipases and 
nucleases, while the highly branched ductal epithelium transports above digestive 
enzymes and bicarbonate ions to the intestine. The endocrine pancreas is present as islets 
which are comprised of five different cell types, each characterized by distinctive 
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expression of specific hormones: glucagon in the α-cells, insulin in the β-cells, 
somatostatine in the δ-cells, pancreatic poltpeptide in the PP-cells, or ghrelin in the ε-
cells (Wierup et al., 2002). Insulin and glucagons regulate the blood-sugar level, while 
somatostatine and pancreatic polypeptide play a negative role in pancreatic endocrine and 
exocrine secretions. Ghrelin cells may play a paracrine role in regulating insulin secretion 
(Prado et al., 2004).  
 
1.1.4.2 Overview of pancreas development  
In general, development of the pancreas in vertebrates initiates from the formation of 
dorsal and ventral buds, and subsequent growth, branching and fusion of two buds result 
in generation of the definitive pancreas (Spooner et al., 1970; Pictet et al., 1972). In 
mouse embryo, before the pancreas buds become morphologically evident, the endoderm 
cells in two ventral regions between foregut and midgut already express Pdx1 at E8.5, 
which contribute to the ventral pancreas bud; Pdx1-expression becomes detected at E8.5-
E8.75 in the dorsal endoderm cells, which are responsible for the formation of the dorsal 
pancreas bud. From E9.0 to E10.5, the structures of the dorsal and ventral pancreas buds 
become defined. After E10.5, these two pancreas buds grow rapidly and form branched 
structures. At E12.5, the dorsal and ventral pancreas buds are fused to become one 
interconnected organ due to the gut rotation. In the following stages, substantial growth 
and branching of pancreas continue to take place (Figure 1.3) (Jorgensen et al., 2007). 
During the morphological development of pancreas, pancreatic cytodifferentiation occur 
characterized by producing different exocrine proteins and endocrine hormones. Between 
E8.5 to E11.5, the predifferentiated cells in pancreas buds start to covert to 
protodifferentiated cells characterized by the presence of low levels of pancreas-specific 
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proteins. The fully differentiated pancreatic cells are present between E13.5 and E16.5, 
marked by an immense increase in pancreas-specific protein synthesis and by the loss of 
proliferative capacity (Spooner et al., 1970; Pictet et al., 1972).  
 
1.1.4.3 Regulation of pancreas development by signals and factors 
Before morphological characteristics of pancreatic tissue are visible in mouse embryo, 
endoderm cells in the junction region between foregut and midgut are already patterned 
to follow a pancreatic fate at E8.5-E8.75, in which Pdx1 (pancreatic and dudodenal 
homeobox 1) expression appears in this region due to activating by signals from the 
surrounding tissues (Ahlgren et al., 1996). The distinct initiation of dorsal and ventral 
pancreas development suggests that different mechanisms control the formation of dorsal 
and ventral pancreas bud. The formation of dorsal pancreas bud is controlled by signals 
(Fgf and activin) from the notochord and the blood vessels through suppressing Shh 
expression in pancreatic endoderm (Kim et al., 1997; Lammert et al., 2001). Recently, 
RA generated in mesoderm was reported to be required for the dorsal pancreas bud 
development (Molotkov et al., 2005; Martin et al., 2005). On the other hand, Fgfs and 
BMPs from the cardiac and STM are required not only for liver induction, but also for 
restriction of the ventral pancreas region by activating Hhex expression in the ventral 
endoderm (Rossi et al., 2001; Bort et al., 2004; Deutsch et al., 2001).  
During the expansion of pancreas buds, the regulatory factors from pancreatic 
mesenchymes are essential for proliferation of pancreas progenitor cells in pancreas buds. 
Fgf10 expressed in the mesenchyme plays a role in stimulating proliferation of the 
pancreatic progenitors and blocking differentiation of them by activating Notch signaling 
pathway (Hart et al., 2003; Norgaard et al., 2003; Miralles et al., 2006). High level of 
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Notch signals can inhibit endocrine and exocrine differentiation (Murtaugh et al., 2003; 
Esni et al., 2004). The components in TGF-β signaling pathway, such as follistatin, 
growth differentiation factor 11, and activin receptors, function in regulating the growth 
of exocrine and endocrine precursors (Miralles et al., 1998; Kim et al., 2000; Harmon et 
al., 2004). The epithelial transcription factors, Pdx1, Hb9 (Hlxb9), Ptf1a (pancreas-
specific transcription factor 1a subunit, also known as p48), Nkx6-1 and Nkx2-2 (low 
level), are all crucial for the correct specification of the pancreatic progenitor cells 
(Ahlgren et al., 1996; Offield et al., 1996; Li et al., 1999; Krapp et al., 1996; Krapp et al., 
1998; Sander et al., 2000). Neurog3 is required for initiation of endocrine differentiation, 
at least in part, by activating the expression of Neurod1 (Naya et al., 1997; Gradwohl et 
al., 2000; Schwitzgebel et al., 2000), while high-level Nkx2-2, Isl1, Arx, Pax4, Pax6 and 
Pou3f4 (Brn4) are also required for the endocrine differentiation (Ahlgren et al., 1997; 
Collombat et al., 2003; Wang et al., 2004; Heller et al., 2004). Although Ptf1a (also 
called p48) was reported to be a key regulator of the differentiation of the exocrine 
pancreas (Krapp et al., 1998), other factors involved in regulating the exocrine 
differentiation are still unknown.  
 
1.2 Zebrafish as a good model organism 
Cell divisions, cell apoptosis, cell differentiation and pattern formation are fundamental 
processes in developmental biology. Tremendous progresses have been made to 
understand the molecular mechanisms controlling these processes by using powerful 
invertebrate animal systems, such as Caenhorhabditis elegans and Drosophila. However, 
these discoveries in invertebrates cannot simply answer or imply all the questions in 
chordate development with regard to the biological and genomic complexity in higher 
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vertebrates. Although mouse is a successful development model, the intrauterine 
embryonic development of mouse embryos restricts this model to decipher the miracles 
of early embryogenesis. Therefore, zebrafish (Danio rerio) becomes an addition to 
vertebrate animal model organisms to bridge the gap between nematode/fly and 
mouse/human genetics for better understanding of life. 
 
1.2.1 General advantages of zebrafish 
Zebrafish was firstly described in the study of inheritance as early as in 1973 (Kosswig, 
1973). However, it was until recently that this small animal became an excellent model 
for genetic and developmental studies in vertebrate. Zebrafish has many advantages over 
other vertebrate organisms. Firstly, rapid external development makes translucent 
embryos available for visual analysis of tissue formation and organogenesis. Secondly, 
the short generation time can shorten the genetic screening cycles. Thirdly, its high 
fecundity makes it possible for positional cloning by studying a large number of meioses. 
Finally, the small size of adult fish permits large numbers of these animals to be easily 
bred in a relatively small facility. All these features make zebrafish as a suitable model 
organism for large-scale genetic and chemical screens.  
 
1.2.2 Genetic analysis in zebrafish 
Genetic screening has been the most powerful tool to identify new genes regulating 
embryogenesis or adult organ functions. So far, many zygotical functioning genes that are 
specifically required for development in animal kingdom were discovered by mutant 
analyses of invertebrate model systems, such as Caenhorhabditis elegans and 
Drosophila. However, the invertebrate systems cannot be utilized to address the 
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development of vertebrate-specific organs, such as kidney and notochord, because many 
genes that are involved in the development of those organs have no homologues in 
Drosophila or Caenhorhabditis elegans. Therefore, zebrafish will provide us invaluable 
tools to elucidate the complex molecular processes in vertebrate biology.  
 
1.2.2.1 Forward genetics in zebrafish 
 
1.2.2.1.1 ENU mutagenesis screens 
The γ-ray irradiation, ethylmethanesulfonate (EMS) and N-ethyl-N-nitrosourea (ENU) 
were successfully utilized as mutagens in Drosophila and Caenhorhabditis elegans for 
genetic mutagenesis screening. However, only ENU was proved to be effective for a 
large-scale mutagenesis screen in zebrafish owing to its high mutation efficiency 
(Mullins et al., 1994; Solnica-Krezel et al., 1994). In 1996, two large-scale ENU 
mutagenesis screens in zebrafish were completed with tremendous success by Nusslein-
Volhard’s research group at the Max-Planck Institute in Tüebingen and Mark Fishman’s 
laboratory at the Massachusetts General Hospital in Boston (Haffter et al., 1996; Driever 
et al., 1996). 1740 mutants with ‘specific’ development phenotypes were recovered in 
these two large screens, which were estimated to represent 400-600 different loci (Haffter 
et al., 1996; Driever et al., 1996). Along with the completion of zebrafish genome 
sequence and high-resolution genetic maps by the Sanger Center (UK) and National 
Institute of Health (USA), the affected genes in mutants are feasible to be identified by 
positional cloning and candidate gene approaches (Schulte-Merker et al., 1994; Talbot et 
al., 1995; Talbot and Schier, 1999). 
These two large-scale screens were carried out based on morphological phenotypes, 
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resulting in handful number of mutant identified with abnormal phenotypes specially 
related to organogenesis of internal organs. To fill up this deficit, more specific screens 
using ENU as a mutagen were developed in recent years for the study of specific 
organogenesis or the particular developmental process. For example, our lab performed 
genetic screening using whole mount in situ hybridization (WISH) with prox1 as a 
marker to identify mutants with phenotype in the liver morphogenesis. fat free, a 
physiological mutant with normal morphology and defects in phospholipids and 
cholesterol processing, was identified by a fluorescent reporter (Farber et al., 2001). 
Recently, mutants with disorder of visual behavior were uncovered from genetic behavior 
screening (Muto et al., 2005). Thus, targeted screens will provide us additional useful 
information to decipher particular aspects of vertebrate development. 
 
1.2.2.1.2 Insertional mutagenesis screens  
In addition to radiation and chemical mutagenesis approaches, a new mutagenesis method 
using pseudotyped retroviruses as an insertional mutagen has been developed by Nancy 
Hopkins’ laboratory at MIT. In this approach, pseudotyped retrovirus with a genome 
based on the Moloney murine leukemia virus (MoMLV) and the vesicular stomatitis 
virus (VSV) G-protein, could infect the zebrafish germ cells following injection of this 
retrovirus into blastula-stage embryos, while proviral insertions in the germ line were 
transmitted to their progeny at a high efficiency (Lin et al., 1994; Gaiano et al., 1996). 
Based on this principle, one large insertional screen was conducted, in which ~520 
mutants had been isolated, representing 385 different genes essential for embryonic and 
early larval development (Amsterdam et al., 1999; Golling et al., 2002), and 335 genes 
had been identified (Golling et al., 2002; Amsterdam and Hopkins, 2004; Amsterdam, 
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2006). Although insertional mutagenesis was less efficient and more labor intensive than 
chemical mutagenesis in isolating mutants, the retrovirus insertional screen in zebrafish 
was a powerful complement to ENU mutagenesis screens because almost all of the 
mutated genes (335), which had been rapidly cloned in this insertional screen by inverse 
polymerase chain reaction (PCR) or linker-mediated PCR, were identified with no bias 
similar to 154 genes identified in various ENU screens. The mutants identified in this 
large insertional screen are listed with the mutated genes and their phenotypes at 
http://web.mit.edu/ccr/pnas_zebrafish_mutant_images. 
 
1.2.2.2 Reverse genetic study in zebrafish:TILLING 
Along with more and more novel genes identified through the analyses of zebrafish 
genome sequence, the reverse genetic study becomes important to reveal the roles of 
these genes during development. Although a homologous recombination-based targeted 
gene knock out was unavailable in zebrafish, a new technique, “targeting-induced local 
lesions in genome” (TILLING), was established in zebrafish (Wienholds et al., 2002). 
Using TILLING approach, Wienholds et al successfully identified 15 mutations in the 
rag1 gene, in which a large library of randomly ENU-mutagenized F1 fish was generated, 
followed by analyzing the rag1 genomic DNA of these fish for identifying mutations in it 
(Wienholds et al., 2002). A modified TILLING by use of CEL-mediated heterodulex 
cleavage was efficient to identify 225 mutations in 16 genes from 4608 ENU-
mutagenized F1 fish (Wienholds et al., 2002). This method is suited for revealing the 
functions of some special genes in which the mutations are difficult to achieve via 
forward genetic screens. By this time, 62 mutants have been identified by this approach, 
including p53, Dicer1. 
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It is desirable to generate a zebrafish mutant stock that contains mutations in all zebrafish 
genes, just as the T-DNA insertion line collection in Arabidopsis. That means any desired 
mutant could be directly obtained from a library containing all zebrafish mutagenized 
genes. Recently, Wang et al reported that they were establishing a retroviral insertion 
library made by cryopreserving sperm samples containing zebrafish gene disruptions 
(Wang et al., 2007). At the time of publishing, the genomic locations of 933 unique 
retroviral integrations, representing 599 genes, were mapped in the corresponding sperm 
samples from retrovirus mutagenized F1 fish (Wang et al., 2007). Once this permanent 
library is completed, it should be possible to find a sperm sample containing an insert in 
any gene of interest; the desired mutant line could be readily generated through in vitro 
fertilization of the relevant frozen sperm. 
 
1.2.3 Molecular techniques in zebrafish 
 
1.2.3.1 Microarray 
Although genes important for embryogenesis have been studied in zebrafish through 
genetics analyses, pathways of those genes involved in the embryonic development are 
still unclear. More genes essential for organogenesis need to be identified. Microarray 
can be used to globally analyze gene expression profiles to identify novel genes or 
elucidate mechanisms of genes controlling embryogenesis and organogenesis. A cDNA 
microarray chip carrying ~9000 zebrafish unique genes had been generated (Lo et al., 
2003). This array was used to sucessfuly identify female-enriched genes and liver-
enriched genes in zebrafish (Wen et al., 2005; Cheng et al., 2006). Affymetrix 
GeneChip® Zebrafish Genome Array, an oligo chip containing 14,900 Danio rerio 
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transcripts, was created by Affymetrix company as well. Meijer et al reported specific 
responses in mycobacterium-induced disease by comparing the expression profiles of its 
infected zebrafish with those of healthy fish via the Affymetrix microarray analysis 
(Meijer et al., 2005). All these examples illustrate that microarray is a powerful tool to 
find new genes and to delineate the molecular events in the development of vertebrates. 
 
1.2.3.2 Morpholino and SiRNA 
RNA interference has been successfully utilized to silence specific genes of interest 
during the early development of Caenorhabditis elegans. Although SiRNA can knock 
down the expression of special genes in zebrafish, nonspecific effects on embryogenesis 
with low and varying success rates were reported as well (Oates et al., 2000; Zhao et al., 
2001; Semizarov et al., 2003; Dodd et al., 2004). Fortunately, morpholinos, a type of 
modified antisense oligos, could either interfere with RNA processing or inhibit 
translation of targeted genes in zebrafish. However, morpholino was only suited to study 
gene functions in early developmental stages due to its transient effect (Summerton and 
Weller, 1997; Heasman, 2002). For example, the zebrafish hhex function in the liver 
formation was revealed by its specific morpholino (Wallace et al., 2001). Furthermore, 
multiple morpholinos could be injected into one embryo simultaneously to investigate the 
synergistic or counteractive effects of different genes. Despite the obvious disadvantages, 
morpholino-mediated gene knockdown method is really expanding the capabilities of 
using zebrafish as the model organism. 
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1.2.3.3 Transgenic fish 
Transgenic approach is another powerful tool for the analysis of gene function during 
development. Injection of either plasmid DNA or BAC into the cytoplasm of one-cell 
stage embryos is a reliable method for making transgenic lines to express the gene of 
interest. For example, the Tg(gut GFP)s854 transgenic line (gutGFP) was generated by 
random integration into the zebrafish genome of a linerized construct (pESG) that 
encodes soluble GFP downstream of the Xenopus elongation fator-1α promoter (Field et 
al., 2003b). However, the efficiency of producing germ-line transmission by this method 
is generally low. Two transposons, Tol2 and Sleeping Beauty, were reported to be 
efficient at germ-line transmission (Kawakami et al., 2000; Davidson et al., 2003). 
Therefore, they are well-suited for gene trapping or enhancer trapping to faithfully mimic 
the expression pattern of the trapped gene or to study the regulation elements of a given 
gene in zebrafish (Kawakami et al., 2004; Balciunas et al., 2004; Parinov et al., 2004; 
Fisher et al., 2006; Kotani et al., 2006). 
 
1.2.4 Genomics and zebrafish community 
Zebrafish haploid genome contains 25 chromosomes. The size of the zebrafish genome is 
about 1.5-1.63 x 109 base pairs and is predicted to contain around 23,500 genes. The total 
number of genes in zebrafish is very similar to that in the mammalian. With the high 
homology among zebrafish, human and mouse, studies from the zebrafish will provide a 
powerful means to elucidate the complexities of the development in vertebrates.  
To date, about 75% of zebrafish genome sequence project has been finished. Three 
websites are available in which zebrafish genome sequence is assembled with the 




Http://www.ensembl.org/danio_rerio/index.html. Moreover, the online zebrafish 
information center, http://zfin.org, provides all information, including genomic sequences, 
mutants and gene expression pattern database. This website provides not only a large 
amount of information about zebrafish but also serve as a unique platform to share and 
exchange experiences among researchers within or outside the zebrafish community.  
 
1.3 Development of endoderm-derived organs in zebrafish 
The advantages for embryological and genetic studies also make zebrafish a good model 
for investigating endoderm-derived organogenesis. Firstly, the zebrafish embryo yolk 
provides enough nutrition to support the embryonic development until the digestive 
system in the embryo is fully functional. Secondly, since the liver is not the site of 
embryonic hematopoiesis in zebrafish, mutants defective in liver formation will not cause 
anemia. Thirdly, the anatomy, function and cell composition of the digestive organs in 
zebrafish are very similar to those in the mammalian, the knowledge obtained from the 
study of the development of endoderm-derived organs in zebrafish will be directly 
applicable to other vertebrates.  
As in the mammalian, the swim bladder and all digestive organs in zebrafish, including 
intestine, liver, pancreas and gall bladder are derived from the endoderm, which is 
formed during gastrulation. Zebrafish endoderm-derived organ development comprises 
four basic steps: endoderm formation, morphogenesis of the gut tube, organ budding and 
cell differentiation and proliferation within organ buds, similar to endoderm development 
in other vertebrates. Since endoderm is the common progenitor of all endoderm-derived 
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organs, endoderm formation in zebrafish is briefly summarized before reviewing 
zebrafish intestine, liver and pancreas organogenesis.  
 
1.3.1 Endoderm formation in zebrafish 
 
1.3.1.1 Endoderm formation and endoderm marker genes 
Fate mapping studies in zebrafish have shown that the endoderm progenitors are located 
within the four-cell-diameter region close to the blastoderm margin (Kimmel et al., 1990; 
Warga and Nusslein-Volhard, 1999; Kikuchi et al., 2004). During gastrulation, endoderm 
cells involutes and eventually forms a salt-and-pepper flattened layer, which is the 
embryonic deepest layer direct contacting with the yolk syncytial layer (YSL); from 
somitogenesis, endoderm cells on the ventral region migrate to the midline to form a 
solid rod by 20 hpf (Figure 1.4) (Ober et al., 2003). This rod gives rise to the alimentary 
tract (the pharynx, oesophagus and intestine) and its accessory organs (the liver, pancreas, 
gall bladder, swim bladder and the duct system). Endoderm becomes apparently different 
from mesoderm in activating the expression of endoderm markers sox17 (a high mobility 
group domain transcription factor) and foxa2 (HNF3-β factor) at the beginning of 
gastrulation; sox17 expression is maintained in the forerunner cells and finally disappears 
in early somitogenesis (Alexander and Stainier, 1999; Dickmeis et al., 2001; Kikuchi et 
al., 2001). However, foxa1, foxa2 and foxa3 are expressed in endodermal cells in a 
sequential and partially overlapping pattern (Odenthal and Nusslein-Volhard, 1998; 
Warga and Nusslein-Volhard, 1999).  
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1.3.1.2 Regulators of zebrafish endoderm formation  
In zebrafish, endoderm and mesoderm share the same precursors called mesendoderm 
located at the margin of the blastoderm (Kimmel et al., 1990; Warga and Nusslein-
Volhard, 1999). Overexpression studies and zebrafish mutant analysis have shown that 
Nodal signaling pathway plays a crucial role in separating endoderm from mesoderm in 
zebrafish mesendoderm. Firstly, an unknown signal from YSL initiates the expression of 
two members of the TGF-β family: cyclops (cyc) and squint (sqt) (Feldman et al., 1998) 
and one Nodal essential cofactor, one-eyed pinhead (Oep) (Zhang et al., 1998). Secondly, 
these Nodal-related molecules in turn activate three Nodal effectors: bonnie and clyde 
(bon) (Kikuchi et al., 2001), faust/gata5 (fau) (Reiter et al., 1999; Reiter et al., 2001) and 
mezzo (mez) (Poulain and Lepage, 2002), which are required to maintain the expression 
of casanova (cas). Thirdly, cas expression induces the expression of endoderm markers, 
sox17 and foxa2 in zebrafish (Alexander and Stainier, 1999; Dickmeis et al., 2001). 
Recently, eomesodermin (eomes) was reported as a potential factor to synergize with bon 
and fau for endoderm induction (Bjornson et al., 2005), while another gene 
pou5f1/pou2/Oct4 was found to play an role in activating the endoderm specification 
cascade through maintaining cas expression and to act together with cas to induce the 
expression of endoderm marker, sox17 in endoderm progenitors (Lunde et al., 2004).  
In zebrafish, cas-, sox17- and foxa2-expressing endoderm cells are only a subset of these 
marginal cells positive for bon, fau and mez (Alexander and Stainier, 1999; Kikuchi et al., 
2001). This specific location of endoderm cells in marginal cells suggested that other 
molecules or signaling pathways are involved in restricting endoderm formation. 
Recently, referring to Fgf signaling negatively functioning in Xenopus endoderm 
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formation (Cha et al., 2004), two researcher groups identified that Fgf signaling, 
downstream of Nodal signaling, negatively regulated the endoderm formation in 
zebrafish as well (Mizoguchi et al., 2006; Poulain et al., 2006). Moreover, Poulain et al 
also found that BMP pathway functioned in restricting the number of endoderm cells 
(Poulain et al., 2006). In addition, Notch signal pathway was reported to have the 
potential to direct the mosoendoderm to mesoderm fate instead of endoderm fate 
(Kikuchi et al., 2004).  
In summary, Nodal signaling played a role in positivly regulating endoderm formation. 
Conversely, Notch, Fgf and BMP signaling, functioned as negative regulators to restrict 
endoderm cells during the separation of endoderm and mesoderm. Although the exact 
relationship of these four pathways functioning in zebrafish endoderm formation is not 
clear, the studies focused on these four pathways in zebrafish have extended the 
knowledge of endoderm formation in vertebrate. 
 
1.3.2 Intestine morphogenesis in zebrafish 
 
1.3.2.1 The anatomy of the zebrafish intestine  
Unlike other amniotes, zebrafish has no stomach, and its intestine is directly joined to the 
anterior digestive tract by a short esophagus. However, it develops an expanded structure 
known as the intestine bulb that acts as stomach to digest lipid and protein. Although 
intestinal anatomy in vertebrates is conserved, the structure of intestine in zebrafish is 
much simpler than that in the mammalian owing to less complexity of supporting 
connective tissue layers (Figure 1.5) (Wallace et al., 2005). The intestinal epithelium of 
zebrafish is organized into broad irregular folds rather than villi, and the proliferative 
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cells are present at the base of these folds, not in crypts. The zebrafish intestine lacks 
Paneth cells, which are normal in the mammalian small intestine. Moreover, only one 
intestine is present in zebrafish, unlike the cecum, small and large intestines in 
mammalian and chicks. The intestine in the adult zebrafish was defined into three 
segments, intestine bulb, mid-intestine and posterior intestine, similar as in larvae 
(Wallace et al., 2005; Ng et al., 2005). 
 
1.3.2.2 The morphogenesis of the zebrafish intestine  
Based on the studies of several mutants defective in intestinal epithelial, smooth muscle 
and enteric nervous system, Wallace et al proposed a two-stage model of intestine 
development in zebrafish (Wallace et al., 2005). In the first stage (from hatching to 74 
hpf), the rapid expansion of intestinal anlage occurs along with the formation of polarized 
epithelial, while muscle and enteric nervous progenitors populate in this intestinal anlage. 
During the second stage (after 74 hpf), differentiation of epithelial, muscle and enteric 
nervous occurs with the epithelium folding (Wallace et al., 2005). However, this two-step 
model can not provide intuitionistic transformations of the intestine development. With 
the help of specific intestine markers and two transgenic fish lines, Tg(gut GFP)s854 and 
Tg[nkx2.2a:mEGFP], the morphological development of the intestine is divided into 
three main stages during zebrafish embryogenesis (Field et al., 2003b; Field et al., 2003a; 
Ng et al., 2005). 
Stage I of the intestinal development (from hatching to 52 hpf) is marked by lumen 
formation. Firstly, the sparse endoderm sheet in two-dimension is transformed into the 
three-dimension multicellular rod, also called intestinal rod, which is posterior to the 
constricted caudal end of the pharyngeal flat region by 20 hpf, revealed by the expression 
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of foxa1, foxa2, foxa3 and gata6 (Pack et al., 1996; Odenthal and Nusslein-Volhard, 1998; 
Warga and Nusslein-Volhard, 1999; Ober et al., 2003). Secondly, a leftward bend of the 
developing intestine, corresponding to the future intestinal bulb, appears in the position of 
the liver bud between 26 and 30 hpf. This important transformation of the intestine 
development is known as the gut looping (Field et al., 2003a; Field et al., 2003b; Horne-
Badovinac et al., 2003). In the following period, this intestine rod undergoes rapid growth 
between 30 and 52 hpf, including cell rearranging within this rod, cell polarizating and 
lumen forming. However, unlike the intestine development in mammals (Abud et al., 
2005), lumen formation in the zebrafish intestinal tract does not involve the elimination 
of cells by apoptosis (Ng et al., 2005). In addition, the progenitors of enteroendocrine 
cells in the oval shape are scattered in the caudal region of the developing intestine in the 
end of Stage I, revealed by the EGFP fluorescence in the transgenic line of 
Tg[nkx2.2a:mEGFP] (Ng et al., 2005). 
Stage II of the intestinal development is defined from 52 to 76 hpf, containing a key step, 
referred as ‘endoderm-intestine transition’ (Traber and Wu, 1995). This transmission 
results from establishment of the apical-basal polarity in the intestinal epithelium 
between 60 and 72 hpf, revealed by the expression of alkaline phosphates, cytokeratins 
and E-cadherin (Pack et al., 1996; Ng et al., 2005). Furthermore, the differentiation of the 
intestinal epithelial cells occurs at around 72 hpf, characterized by the expression of 
intestinal fatty acid binding protein (ifabp) in the intestine (Andre et al., 2000). By 74-76 
hpf, coincident with the formation of a continuous lumen in the entire digestive tract, the 
polarization also appears within the intestinal epithelial cells, in which nuclei are 
localized towards the base of column-shape epithelial cells (Ng et al., 2005).  
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Stage III is from 76 to 126 hpf, involved compartmentalization of the developing 
intestine into three main segments: intestinal bulb, mid-intestine and posterior intestine. 
Several striking changes are presented in these segments in this stage. By the end of 4 dpf, 
the intestinal bulb starts to develop epithelial folds after an outstanding expansion of the 
luminal space in this intestinal bulb. This lumen expansion may be the result of fluid 
accumulation (Bagnat et al., 2007). However, the proliferation of epithelium cells in 
intestine bulb is obviously reduced and only restricted to the basal cells within the newly 
formed folds. At this stage, no folding occurs in the middle and posterior intestine; the 
folds first appear in the mid-intestine at 8 dpf and in the posterior intestine at 12 dpf. 
Although the reduced cell proliferation also appears in mid-intestine, the cells in the 
posterior segment of the intestine tract still remain proliferative. In addition, the 
differentiation of goblet cells and enterocytes first appears in the mid-intestine in this 
stage. Meanwhile, the enteroendocine cells are still evident in the entire intestinal tract 
with the cell body positioned at the base of the epithelial layer and the cell antenna 
prominent to the luminal surface (Ng et al., 2005). After the yolk is completely absorbed 
at 5 dpf, anal opening marks the formation of functional intestine in zebrafish embryos. 
Moreover, Muncan et al identified that the period between 4 to 5 weeks post-fertilization 
(wpf) is a crucial transition time for restricting the proliferation of intestinal epithelium to 
the intervillus pockets (Muncan et al., 2007). The study of Muncan et al is a 
supplementary to the knowledge of the early intestine morphogenesis in zebrafish 
embryos (Ng et al., 2005; Wallace et al., 2005).    
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1.3.2.3 Regulators of intestine development  
The analysis of mutants exhibiting intestinal phenotypes at different stages will help to 
decipher the genetic mechanisms that regulate the intestinal development in zebrafish. 
However, only few intestinal mutant genes have been cloned. The first two mutants, 
heart and soul (has) mutant and tcf22169 mutant, exhibit defective in lumen formation. 
Owing to the mutation in the tcf2 gene (a MODY5 and familial GCKD associated gene, 
also known as vhnf1), some tcf22169 mutants present multiple lumens in the intestinal bulb 
(Sun and Hopkins, 2001; Bagnat et al., 2007). Bagnat et al reported that Tcf2 controlled 
multiple small lumens coalescing into a single lumen in the intestinal bulb through 
regulating claudin15 and Na+/K+-ATPase expression (Bagnat et al., 2007). Although has 
mutant displays the same multiple-lumen phenotype as tcf22169 mutant, the formation of 
multiple lumens in the gut of has mutant results from the mutation in the has gene 
(atypical protein kinase C λ gene, aPKC λ), which disrupts the apical clustering of 
adherens junctions during intestinal lumen formation (Horne-Badovinac et al., 2001). The 
data from both has and tcf22169 mutants suggest that different genes control the lumen 
formation in the zebrafish developing intestine. In addition, has mutant also displays the 
nonlooping gut phenotype as a result of disrupting the polarized epithelial structure in 
lateral plate mesoderm (LPM) (Horne-Badovinac et al., 2001; Horne-Badovinac et al., 
2003). The third one, nil per os (npo) mutant exhibits the arrested differentiation of the 
intestinal cells in a primordial state (Mayer and Fishman, 2003). Based on the 
characteristic of Npo protein, which is a conserved protein with six RNA recognition 
motifs, Mayer and Fishman hypothesized that Npo protein may function by modulating 
multiple mRNAs essential for intestinal differentiation (Mayer and Fishman, 2003). The 
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fourth one, zebrafish meltdown (mlt) mutant develops cystic expansion of the posterior 
intestine because a gain-of-function mutation in smooth muscle myosin heavy chain 
(myh11) results in the disruption of epithelial architecture (Wallace et al., 2005). The last 
one, T-cell factor 4 (Tcf4, also known as tcf7l2) mutant is identified to lack epithelial 
proliferation in mid-intestine and posterior intestine in the larval stage (Muncan et al., 
2007). Certainly, the analysis of the functional role of Tcf4 in the late development of 
zebrafish intestine supposes that differences in molecular patterning exist in the 
uniformly organized intestinal tract (Muncan et al., 2007).  
Although some mutants with abnormalities in the intestine development have been 
isolated, including flotte lotte (flo) mutant (Chen et al., 1996), piebald (pie) mutant, 
straight shot (sst) mutant, slim jim (slj) mutant and m750 mutant (Pack et al., 1996), the 
causing genes have not been cloned. Therefore, cloning of these genes will expand the 
knowledge of intestinal development in zebrafish. Meanwhile, with more new intestinal 
mutants identified from the targeted screens, we can look forward to advances in this 
field in the future. 
 
1.3.3 Liver morphogenesis in zebrafish  
 
1.3.3.1 The morphogenetic events during liver development  
Based on the morphologic observation of liver morphogenesis in the gutGFP transgenic 
embryos, liver morphogenesis is proposed to proceed in two stages: budding and growth 
(Field et al., 2003b). Liver budding stage is defined from 24 to 50 hpf. During this 
budding stage, cell aggregation occurs in the anterior intestinal rod under the first somite 
between 24 to 28 hpf; from 28 to 34 hpf, this thickening anterior region, which refers to 
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the liver promordium, bends to the left side owing to gut looping such that the 
hepatoblasts forms a sheet that covers the outer curvature of the loop; the last phase of 
liver budding starts at 34 hpf with the appearance of a furrow separating the liver from 
oesophagus or intestinal bulb, and ends at 50 hpf when the distinguishable liver is clearly 
positioned at the left side with formation of the hepatic duct, a connecting tissue between 
the liver and intestine. At the liver growth stage, the liver undergoes a significant change 
in size and shape because of rapid cell proliferation and vasculation in the liver (Figure 
1.6). The vasculation first occurs at around 60 hpf. By 96 hpf, the liver occupies the 
major region of the abdominal cavity and spreads across the midline (Field et al., 2003b).  
Although molecular studies of liver organogenesis in zebrafish are less than those in 
mouse, several genes important for liver organogenesis have been reported in zebraifsh. 
Korzh et al reported that ceruloplasmin (cp), the earliest liver differentiation marker for 
hepatocytes, was asymmetrically expressed in the left hand side of endodermal rod cells 
at 16 hpf (Korzh et al., 2001). selenoprotein (sePb) and transferrin were also reported to 
be hepatocyte markers (Thisse et al., 2001). The expression of sePb or transferrin firstly 
appeared in YSL at 11 hpf (Kudoh et al., 2001), and then was enriched in the liver 
primordium at 30 hpf and 42 hpf, respectively (Thisse et al., 2001). In the developing 
hepatocytes, hhex and prox1 are two established liver markers. Two research groups 
reported that hhex and prox1 were expressed in the hepatoblasts between 24 and 28 hpf 
(Glasgow and Tomarev, 1998; Ho et al., 1999). lfabp is a marker for fully differentiated 
hepatocytes. Her et al reported that lfabp expression started from 72 hpf (Her et al., 2003). 
However, these early molecular markers are insufficient for study of liver organogenesis 
in zebrafish. In particular, there is a lack of the markers that can be used to distinguish 
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cell types in the developing liver or to define different liver development stages more 
precisely. Therefore, it will be helpful if more liver specific markers can be identified. 
For example, the genes enriched/specific in the liver during the early embryonic stage 
can be used to study liver organogenesis. 
 
1.3.3.2 Regulators of liver development  
The studies from chick and mouse (Douarin, 1975; Zaret, 2002) have shown that 
differentiation of ventral foregut endodermal cells into hepatocytes requires interactions 
with adjacent mesoderm tissues, which are mediated by signaling molecules secreted 
from these mesoderm tissues, such as Fgfs from the cardiac mesoderm and BMPs from 
STM (Jung et al., 1999; Rossi et al., 2001). Alhtough zebrafish hepatocyte progenitors 
are distant to the cardiac mesoderm during liver organogenesis, the studies on has and 
nok mutants have shown that lateral plate mesoderm (LPM) spanning the entire anterior-
posterior extent of the trunk in zebrafish embryos is necessary for normal liver formation 
(Horne-Badovinac et al., 2001; Wei and Malicki, 2002). Therefore, the question arises 
whether LPM expresses the signaling molecules with functions in regulating liver 
development similar as BMP and Fgf signaling identified in mouse and chick. Shin et al 
reported that overexpression of dominant-negative forms of BMP and FGF receptors in 
transgenic zebrafish embryos by heat-shock induction resulted in severe reduction of 
hhex and prox1 expression. The authors suggested that BMP and Fgf signaling had an 
essential function in hepatic specification in zebrafish (Shin et al., 2007). In addition, it 
was reported that Fgf10 secreted from the adjacent mesenchyme functioned not only to 
refine the boundaries of hepatic duct between the liver and intestine, but also to prevent 
the differentiation of the proximal liver cells into pancreatic cells (Dong et al., 2007). 
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Furthermore, the analysis of prt/wnt2bb mutant, which exhibited profound defects in 
hepotoblast specification, first revealed that Wnt signal secreted from LPM could directly 
induce adjacent endoderm cell to develop into hepatocyte precursors (Ober et al., 2006). 
Further studies of Shin et al suggested that the Fgf signaling did not function downstream 
of BMP signaling. Furthermore, it seems that Wnt signaling did not function downstream 
of BMP or FGF signaling in hepatoblast specification (Shin et al., 2007). Interestingly, 
although mesodermal signaling molecules are produced in different mesoderm tissues in 
different vertebrates (e.g Fgf from cardiac mesoderm in mouse, but from LPM in 
zebrafish), the nature of signaling molecules necessary for liver organogenesis are the 
same in the vertebrates, suggesting that the molecular mechanism to control liver 
organogenesis is conserved among vertebrates. However, little is known about how these 
signaling molecules interact with each other in controlling liver organogenesis. 
In addition to the above signal pathways, some other factors have also been identified to 
play a role in the liver formation. Firstly, injection of hhex morpholino into one-cell 
embryos resulted in a strongly morphologic reduction of liver size by 50 hpf. This result 
suggested that hhex plays an important role in the liver formation (Wallace et al., 2001). 
Secondly, the analysis of ubiquitin-like protein containing PHD and ring finger domains-
1 (uhrf1, hi272) mutant which exhibited small livers indicated that in uhrf1 played a role 
in liver formation through regulating apoptosis in the developing liver (Sadler et al., 
2007). Thirdly, because the retroviral insertion in the pescadillo (pes) gene resulted in the 
arrested development of liver, pancreas and intestine between 3 to 5 dpf without affection 
in the initial differentiation of those organs, it suggested that the pes gene had a necessary 
function in the development of the liver, pancreas and intestine in the late stage (Allende 
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et al., 1996). Finally, the studies of nil per os (npo) mutant indicated that npo gene also 
functioned in the growth of liver, pancreas and gut (Mayer and Fishman, 2003).  
Liver formation is a complicated process. Thus, there must be multiple signal molecules 
and genes involved in this process. So far, we have known that BMP, Fgf and Wnt 
signaling pathways are involved in the initiation and differentiation of hepatocyte in 
zebrafish, but the precise relationship among them remains unclear. Furthermore, only 
several factors had been identified to affect liver growth. For example, hhex affects liver 
budding growth, and pes and npo function in liver growth. Certainly, further studies of 
uhrf1, pes and npo will provide new information for the understanding of liver growth. 
However, these few factors are not sufficient to understand the whole process of the liver 
formation. Therefore, more liver-defective mutants need to be identified for deciphering 
mechanisms that control the molecular events during the liver formation, especially for 
the mutants, which specifically affect liver while having none or little effect in other 
organs. The identification of such mutants would lead to reveal the genes which are 
crucial for liver organogenesis. 
 
1.3.4 Pancreas morphogenesis in zebrafish 
 
1.3.4.1 Exocrine and endocrine pancreas in zebrafish  
Like the mammalian pancreas, zebrafish pancreas is also composed of two tissues, 
endocrine pancreas and exocrine pancreas, which carry out essential physiological 
functions. The endocrine pancreas in the early larval stage consists of only one single 
islet surrounded by the exocrine pancreatic cells. This islet consists of four cell types: the 
insulin-producing β cells and somatostatin-secrecting δ cells located in the core region of 
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islet, the glucagons-producing α cells and the pancreatic polypeptide-secreting cells 
positioned in the outer layer of islet (Argenton et al., 1999; Biemar et al., 2001). However, 
in adult fish, the endocrine pancreas contains multiple islets, suggesting that endocrine 
precursors are still present in the adulthood (Pack et al., 1996; Milewski et al., 1998).  
 
1.3.4.2 The morphogenetic events occur during pancreas development  
In zebrafish pancreas morphogenesis, two different pancreatic anlagen, a ventral anterior 
bud and a dorsal posterior bud, merge to form the definitive pancreas, similar to pancreas 
development in mouse and chicken. Analyses of specific-gene expression during 
pancreas organogenesis have revealed that the pancreatic precursors already exist before 
the formation of pancreas buds. As early as 14 hpf, the precursors of pancreatic cells are 
already positioned in the bilateral regions adjacent to the midline, revealed by the 
expression of pdx1, which is a bi-potential marker for the progenitors of pancreatic and 
intestinal bulb cells. The expression of insulin, the earliest marker for endocrine 
pancreatic cells, is detectable in scattered pdx1-positive cells at 15 hpf, followed by the 
expression of other two endocrine markers, somatostatin (sst) and glucagons, which are 
expressed at 17 hpf and at 21 hpf respectively (Argenton et al., 1999; Biemar et al., 2001). 
When pdx1 positive cells in the bilateral regions are fused at the midline by 18 hpf, one 
single islet is also formed by previously scattered insulin-positive cells (Biemar et al., 
2001).  
Between 24 to 28 hpf, along with budding of the liver in zebrafish, the first pancreas bud 
protrudes from the dorsal and posterior region in the intestinal rod (Figure 1.6 A, B) 
(Field et al., 2003a; Field et al., 2003b). At this stage, the cells within this projecting 
region expresses pdx1, while insulin, glucagons, somatostatin (sst), and islet-1 (isl1) are 
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also expressed in this thickened region (Argenton et al., 1999; Huang et al., 2001b; 
Biemar et al., 2001). Sections of pdx1-WISH embryos revealed the first morphological 
change of the second pancreas bud, which ridged from the ventral region of the intestinal 
bulb primordium neighboring the liver bud at 34 hpf (Field et al., 2003a; Field et al., 
2003b). By 40 hpf, this anterior pancreas bud becomes clear in the gutGFP transgenic 
embryos (Figure 1.7 B, F). The studies of pancreas development in has mutant suggested 
that endocrine pancreas originates from the posterior pancreas bud, and the anterior 
pancreas bud mainly gives rise to the exocrine pancreas (Field et al., 2003a). After two 
pancreas buds forming, these two buds keep in a discrete position until they completely 
merge and extend toward the right side of the embryo at 52 hpf (Figure 1.7 D, H). During 
this time window, the posterior bud is no longer in direct contact with the intestinal rod 
and the anterior bud remains the connection with the intestinal canal, which will develop 
into the pancreatic duct (Dong et al., 2007), while insulin is only expressed in cells within 
the head of the merged pancreas, surrounded by trypsin-positive cells (Field et al., 2003a). 
Other exocrine-specific genes, Carboxypeptidase A and elastaseB, starts to be expressed 
at 48 hpf and 56 hpf, respectively (diIorio et al., 2002; Mudumana et al., 2004). From 52 
hpf, exocrine cells differentiated from the anterior bud progressively engulf endocrine 
cells (islet) from the posterior bud. The proliferation of exocrine cells results in the 
formation of the exocrine pancreas tail tissue at 76 hpf (Field et al., 2003a).  
 
1.3.4.3 Regulators of pancreas development 
As above described, formation of anterior and posterior pancreas buds differs temporal 
and spatial. In addition, differentiation of endocrine and exocrine pancreas can be 
separated in distinct regions, revealed by studing has mutant embryos (Field et al., 2003a). 
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All the data indicate that developments of endocrine and exocrine pancreas are at least 
partially independent of each other.  
 
1.3.4.3.1 Regulators of endocrine pancreas development  
The studies on a large number of mutants with defects in the endocrine pancreas have 
shown that endocrine pancreas development is regulated by a complex interplay of cell-
autonomous and extracellular signals. 
Two signaling pathways, Hedgehog and Wnt signaling pathway, play a novel role in the 
early stage of zebrafish endocrine pancreas development. Firstly, Hedgehog signaling 
pathway functions in the endocrine pancreas development, not in formation of exocrine 
pancreas in the early stage. sonic you/sonic Hedgehog (syu/shh) mutant embryos showed 
a strong reduction or absence of expression of endocrine markers, such as insulin, 
glucagons and nkx2.2 without affection in expression of the exocrine-specific gene, 
carboxypeptidase A, (diIorio et al., 2002). Similar phenotypes also appeared in you 
too/gli2 (yot) mutant, slow muscle omitted (smu) mutant or cyclopamine-treated embryos 
in that all lacked expression of downstream genes of shh (Roy et al., 2001; diIorio et al., 
2002). Combined with overexpression of the shh gene resulting in the ectopic expression 
of pdx1 in endoderm (Roy et al., 2001), these data suggest that shh is required not only 
for differentiation of endocrine cells, but also for directing the proper localization of the 
endocrine pancreatic cells. Secondly, Wnt signaling plays a novel role in the islet 
formation during pancreas development in zebrafish. The knockdown assays using wnt5 
and fz2 morpholinos showed that the scatted insulin-positive cells can not migrate to form 
one single islet in wnt5 and fz2 morphants without affection in initiation of insulin 
expression and proliferation of insulin-positive cells (Kim et al., 2005). 
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The endocrine pancreas development in zebrafish also requires other signaling molecules, 
including Fgfs, BMPs and RA, which are well studied in mouse and chicken. Firstly, the 
function of Fgf signaling pathway in zebrafish endocrine pancreas development has 
revealed by injection of fgf3/8 morpholinos, which resulted in the dramatic reduction of 
insulin cells (Song et al., 2007). Secondly, BMP signaling is also required for the 
development of endocrine pancreas. swirl/bmp2b mutants exhibited the discernibly 
reduced expression of two early pancreatic markers, neuroD and islet1 (Tiso et al., 2002). 
In addition, Song et al demonstrated that blocking of BMP pathway by alk8 morpholino 
resulted in dramatically reduced insulin-positive cells (Song et al., 2007). Thirdly, 
although the data from Stafford and Prince revealed that RA signaling was necessary for 
differentiation of both endocrine and exocrine pancreas cells before the onset of pdx1 
expression (Stafford and Prince, 2002), the results from cell transplantations indicated 
that RA derived from the anterior paraxial mesoderm adjacent to the foregut was an 
instructive signal which directly induced precursors of the endocrine pancreas (Stafford 
et al., 2006). Moreover, the embryos treated with DEAB, an inhibitor of RA receptor, 
displayed the absence of insulin-positive cells (Song et al., 2007).  
Along with the identification of signal pathways involved in the endocrine pancreas 
development, the question arises whether these different signals function parallel or 
sequentially in this process. Recently, the studies from Song et al showed that vhnf1 
functioned downstream of BMP, Fgf and RA signals to regulate the development of 
endocrine pancreas in zebrafish (Song et al., 2007). vhnf1 is just one of keys to open the 




1.3.4.3.2 Regulators of exocrine pancreas development  
In comparison with many identified molecules that regulate development of endocrine 
pancreas in zebrafish, less is known about how the exocrine pancreas forms. So far, only 
few genes have been identified to regulate formation of exocrine pancreas. Firstly, 
ptf1a/p48, characterized as an early exocrine pancreas marker, is essential for zebrafish 
exocrine pancreas development. Injection of ptf1a/p48 morpholino suppressed expression 
of exocrine markers (trypsin and carboxypeptidase A), while expression of the endocrine 
markers (insulin and glucagon) in the islet was unaffected (Zecchin et al., 2004; Lin et al., 
2004). Secondly, pdx1 gene plays a function in further differentiation of endocrine and 
exocrine pancreas cells but not the initial differentiation of pancreatic precursors, 
revealed by injection of pdx1 morpholino, which resulted in the early reduction of 
endocrine and exocrine cells (Huang et al., 2001a; Yee et al., 2001). Thirdly, Hb9 and 
mnr2a are required for endocrine and exocrine pancreas development, respectively 
(Wendik et al., 2004). Finally, Fgf10 secreted from the adjacent mesenchyme functions 
not only in refining the boundary of the pancreatic duct, a connection tissue between 
pancreas and intestine, but also in promoting the differentiation of pancreatic cells in the 
proximal region of pancreas (Dong et al., 2007). 
For lack of the early exocrine pancreas marker genes functioning in exocrine pancreas 
development, the entire exocrine pancreas morphogenesis in zebrafish is not clear. In 
order to decipher the mechanisms that regulate exocrine pancreas development, more 
marker genes specific to the exocrine pancreatic cells and more pancreas defect mutants 
need to be identified in the future. 
 
 38
1.4 Aim of this project 
As described above, zebrafish is a good model system to study embryogenesis. A 
zebrafish mutant def (digestive-organ expansion factor) was obtained from a large-scale 
retrovirus insertional mutagenesis (Golling et al., 2002). defhi429 mutant has defects in 
several endoderm-derived organs including the liver and intestine bulb. Therefore, defhi429 
mutant is a good candidate for our study of endoderm-derived organogenesis. The overall 
purpose of this research is to determine the functions of def involved in the development 
of endoderm-derived organs. The aims of this thesis are focused on three folds: 
1. To characterize the defhi429 mutant in detail both at cellular level and at molecular 
level for determining whether it is affected in the early stage (initiation of organ specific 
cells) or in the late stage (proliferation of organ specific cells).   
2. To check the expression level and pattern of the def gene in zebrafish embryos at 
different stages. 
3. To investigate the functions of def by identifying def downstream genes via 
microarray approach and Def-interacting proteins via yeast-two hybrid assay. 
Since the defhi429 mutant exhibits obvious defective endoderm-derived organs, the study 
of this mutant will enhance our understanding of the process of the endoderm 
organogenesis. Because the def gene is a novel gene, our studies on this mutant should 
supplement the current knowledge on the endoderm organogenesis. Furthermore, further 
studies of the def gene will provide new information for the studies of its homologs in 
other species.  
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The defhi429 mutant is not only defective in the endoderm-derived organs, but also it 
displays small head and small eyes. However, in this thesis we only focus on the 
endoderm organogenesis, and other organs affected in this mutant are not discussed.  
In order to carry out my project, the materials and methods must be carefully chosen for 
the study of defhi429 mutant. In the next chapter, I will mainly focus on different 
experiments through which the crucial questions about def mutant will be addressed. For 
example, whole mount in situ using different molecular markers is performed to 
characterize the defhi429 mutant; microarray approach and yeast two-hybrid assay are 































Figure 1.1 Illustration of four stages of endoderm development in mouse. At the 
end of gastrulation (E7.5), the endoderm is a one cell-layer thick cup that extends from 
the anterior headfold (A) to the primitive steak (P). Embryonic endoderm is in yellow 
and the visceral (yolk sac) endoderm in light green. After the endoderm cells are 
pushed into the inside of the developing embryo, the three-dimension gut tube is 
formed at E8.5, which divides into four regions (I-IV). The foregut tube forms as 
region I folds over region II (arrow) and migrates in a posterior direction, whereas the 
hindgut tube forms when region IV folds over and migrates in an anterior direction 
(arrow). The posterior migration of the anterior intestinal portal (AIP) and the anterior 
migration of the caudal intestinal portal (CIP), in combination with embryonic turning, 
close the midgut and form a primitive gut tube by E9. Subsequently different organ 
buds appear in the E10.5 gut tube as a result of signals patterning this gut tube (lung-
Lu; liver-Li; stomach-St; dorsal pancreatic bud-d.Panc; ventral pancreatic bud-v.Panc; 
and duodenum/intestine-int). These organ buds grow, branch and eventually develop 
into differentiated organs with functions. The last panel shows a dissected pancreas 






















Figure 1.2 Diagram illustrating stages of liver development in mouse. At the end 
of gastrulation, the definitive endoderm (yellow) is rendered competent to follow a 
hepatic fate due to the action of inductive signals from the precardiac mesoderm 
(green) and septum transversum mesenchyme (blue). After specification, a swelling of 
the ventral endoderm generates the liver bud which requires endothelial cells (red). 
The pre-hepatic cells then delaminate from the foregut and migrate into the septum 
transversum. Concurrent with this phase of rapid proliferation is the hepatic cell 













































































































































































































































































































































































































































































































































































































































































































































































Figure 1.4 Zebrafish endoderm morphogenesis in early stages revealed by 
endoderm-specific gene expression. At 50% epiboly (5.3 hpf), the mesendodermal 
cells in the marginal zone express bon (A). At 90% epiboly (9 hpf), sox17 is expressed 
by endodermal cells which display a characteristic salt-and-pepper distribution (B). At 
the ten-somite stage (14 hpf), the endoderm extends along the anteroposterior axis in a 
broad domain as revealed by foxA1 expression (C). By 24 hpf, the posterior endoderm 
has moved to the midline to form a solid rod (D). In the anterior domain, foxA1 is 
expressed in the pharyngeal endoderm (arrowheads). (A) The lateral views with dorsal 












Figure 1.5 Mammalian and zebrafish intestinal architecture. This schematic 
diagram depicts intestinal layers within the mammalian (A) and zebrafish (B) 
intestine. Because zebrafish lacks a muscularis mucosa (black line between lamina 
propria and submucosa in A), only a thin layer of connective tissue separates the 
epithelium at the base of the folds from the inner circular layer of smooth muscle. The 
zebrafish intestinal epithelium is arranged in broad, irregular folds rather than villi, 
and lacks crypts of Lieberkuhn. Individual myenteric neuronal cell bodies seen in 





























Figure 1.6 Stages of digestive organ morphogenesis in gutGFP embryos. The 
digestive system develops from a solid rod, which is shown at 24 hpf (A). The liver 
(arrowhead) and pancreas (asterisk) start budding from the intestinal rod between 24 
and 28 hpf (A, B). Along with gut looping, the liver bud grows toward the left side. 
The swim bladder (arrow) starts to bud from the intestinal bulb primordium at 34 hpf 
(C). These organ buds continues to grow as shown in 46 hpf (D) and 72 hpf (E). (A–E) 
ventral views with anterior to the top. enP, endocrine pancreas; exP, exocrine 
pancreas; GB, gall bladder; IB, intestinal bulb; L, liver. Adapted from Field et al., 



















Figure 1.7 Pancreas are formed from two pancreatic buds in zebrafish. Confocal 
views of gutGFP embryos during the pancreas development (A–D), and WISH with 
pdx1 (E–H). The posterior pancreas bud (arrowhead) is clearly visible at 34 hpf (A, E). 
The anterior pancreas anlagen budding from the intestinal rod (arrow) starts to be clear 
at 40 hpf (B, F). The anterior bud is obscure at 44 hpf (C, G). At 52 hpf, these two 
buds merge to form a single structure (D, H). Ventral views with anterior to the top. L, 
liver. Adapted from Field et al., 2003a. 
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2.1.1 Fish strains and maintenance 
Zebrafish (Danio rerio) ABtü strain was used as the wild-type line for daily crossing in 
this study. The retroviral insertion hi429 line obtained from a large-scale insertional 
mutagenesis screen (Golling et al., 2002) was kindly provided by Professor Nancy 
Hopkins in Massachusetts Institute of Technology (Cambridge, MA). Zebrafish were 
raised and maintained in the central fish facility in IMCB according to standard 
procedures (Sprague et al., 2001). 
 
2.1.2 Collection of fertilized eggs 
To obtain synchronized zebrafish embryos, one male fish and one female fish were 
separated by a separator in the crossing tank the day before crossing day. On the morning 
of crossing day, the separator was removed to allow mating of those two fish. The 
fertilized eggs were collected in egg water (0.03% sea salt in distilled water) and cultured 
at 28.5°C. To suppress the growth of the mold, the medium was supplemented with 0.03 
mM methylene blue. The developmental stages of an embryo were determined based on 
somite numbers and recorded in hours post fertilization (hpf) or days post fertilization 
(dpf) as previously described (Kimmel et al., 1995) (Figure 2.1). Embryos for in situ 
hybridization analyses were treated with 0.03% phenylthiourea from 12 hpf to inhibit the 
melanin pigment formation.  
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2.1.3 Collection of unfertilized eggs 
One male and one female fish were separated by a separator in a crossing tank. However, 
the separator was removed not for mating next morning, just to allow the male fish to 
pursue the female fish. Before the female fish was laying eggs, they were put into egg 
water containing ethyl 3-aminobenzoate methanesulfonate salt (stocking concentration 4 
g/L, Sigma, Cat. No. A5040). After several minutes, the unconscious female fish was put 
on a special supporter to release unfertilized eggs by softly touching the venter of the 
female fish. Finally, a small soft brush was used to quickly collect unfertilized eggs. 
 
2.2 E. coli strains  
In this project, four E. coli strains DH5α, M15, BL21 and XL1-Blue were used for 
different purposes and they were normally stored in 25% glycerol at -80°C. Before being 
used to prepare the competent cells, they must be recovered on a LB plate. 
 
2.3 General DNA application  
 
2.3.1 Gene Cloning  
 
2.3.1.1 Polymerase Chain Reaction (PCR)  
The PCR reaction was carried out in a 0.2 ml PCR tube in a total volume of 50 μl as 
follow: 5 μl 10X PCR reaction buffer, 1 μl 10 mM dNTPs, 1 μl 10 μM of specific primers, 
less than 0.5 μg template DNA and 0.5 μl Taq (Qiagen Cat. No. 201223). Amplification 
was carried out in a Programmable Thermal Controller (Model PTC-100, MJ Research) 
using the following program: 94°C for 3 minutes; 35 cycles of 94°C for 30 seconds, 58°C 
for 30 seconds, 72°C for 1-2 minutes; 72°C for 10 minutes. The primers used in this 
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project were listed in Table 2.1. PCR products were separated by electrophoresis on 1% 
agarose gel (Invitrogen Cat. No. 15510-027) by electrophoresis in 1X TAE buffer (40 
mM Tris-acetate, 20 mM sodium acetate, 1 mM EDTA, pH 8.2). 
 
2.3.1.2 Purification of PCR product/DNA fragments  
High Pure PCR product purification kit (Roche, Cat. No. 11732668001) was used to 
purify DNA according to the manufacture’s instruction. QIAEX® II Gel Extraction Kit 
(Qiagen, Cat. No. 20021) was used to purify DNA from excised agarose gel as described 
by the manufacturer. 
 
2.3.1.3 Plasmid DNA extraction 
A single bacterial colony was picked up from LB plate and incubated in 5-15 ml LB 
medium [1% (W/V) Bacto-tryptone, 0.5% (W/V) yeast extract, 1 mM NaCl, pH 7.0] 
containing appropriate antibiotics (ampicillin 100 μg/ml or kanamicin 50 μg/ml). The 
culture was incubated overnight at 37°C with vigorous shaking. The next morning, 200 μl 
of the overnight culture was mixed with the same volume of 50% glycerol and stored at -
80°C as a stock for future use. The remaining bacterial culture was spun down at the 
maximum speed for 3 minutes in a centrifuge (Sigma laboratory centrifuges 3K30). The 
plasmid was extracted from the pellet using QIAGEN Plasmid Mini Kit (QIAGEN, Cat. 
No. 12125) according to the manufacturer’s instruction. 
 
2.3.1.4 Ligation of DNA inserts into plasmid vectors 
The ligation of purified PCR fragment into pGEM®-T/pGEM®-T Easy vector (Promega, 
Cat. No. A3600 and A1360) was performed essentially as described in the manufacture’s 
instruction. 
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Other vector plasmids were digested by appropriate DNA restriction enzymes from New 
England Biolabs and then dephosphorylated by SAP (Shrimp Alkaline Phosphatase, 
Roche, Cat. No. 11758250001). After purification of the linearized vector DNA and 
insert DNA fragment, the ligation was carried out at the molar ratio of 3:1 (insert DNA: 
linearized vector DNA) by T4 DNA ligase supplied in the Rapid DNA Ligation Kit 
(Roche, Cat. No. 11635379001) or pGEM®-T Easy vector systems (Promega, Cat. No. 
A1360). Detailed procedures were following the instructions provided by the 
manufacturers.  
 
2.3.1.5 Transformation of DH5α competent cells with plasmids or ligation products 
using a heat-shock method 
 
2.3.1.5.1 Preparation of DH5α competent cells for a long-term storage 
A single colony of DH5α from a LB plate was picked up and inoculated in 250 ml of 
SOB medium in a 2-liter flask and grew at 18°C with vigorous shaking (200-250 rpm) 
until the OD600 reached to 0.6. After incubation on ice for 10 minutes, the cells were spun 
down at 2500 g in Beckman J-6B centrifuge for 10 minutes at 4°C. The pellet was 
suspended in 80 ml of ice-cold TB medium (10 mM Hepes, 15 mM CaCl2, 55 mM MnCl2, 
250 mM KCl. pH 6.7), followed by the second incubation on ice for 10 minutes. The spin 
was repeated, and the pellet was re-suspended in 20 ml of TB with gentle swirling. 
Finally, DMSO was added to this cell suspension at a final concentration of 7% (V/V), 
followed by the final 10-minute incubation on ice. The cell suspension was dispensed in 
50 ul aliquots in PCR stripes and immediately frozen by immersing in liquid nitrogen. 
The competent cells were stored at -80°C for long- term usage. 
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2.3.1.5.2 Heat-shock transformation     
The competent cells were thawed at room temperature and immediately plugged in ice. 
50 μl of cells was transferred to a 1.5 ml eppendorf tube. 1 ng of plasmid DNA or 1-5 μl 
of ligation product was added to 1.5 ml tube and gently mixed with competent cells. The 
mixture was incubated on ice for 30 minutes, and was then heat-shocked without 
agitation at 42°C for 90 seconds, following by plugging in ice for 10 minutes. Finally, 1 
ml liquid of LB medium was added to these tubes and shaken at 250 rpm at 37°C for 20 
minutes. After that, the cells were spun down at 3,000 g for 5 minutes. After discarding 
about 900 μl supernatant, the pellet was re-suspended in remaining solution, and plated 
onto LB plates with appropriate antibiotics and incubated overnight at 37°C.  
 
2.3.2 DNA sequencing 
DNA sequences were determined using ABI BigDye® Terminator Version 3.1 (Applied 
Biosystem, P/N 4337458), following the protocols from the manufacturer. A 10-μl 
sequencing reaction contained 4 μl BigDye, 1 μl 3.2 mM Primer, ~200 ng plasmid DNA 
and H2O or 4 μl BigDye, 0.7 μl 3.2 mM Primer, ~3 ng PCR product and H2O. 
Thermocycling parameters for PCR product sequencing was composed of an initial 
denaturation step of 3 minutes at 95°C followed by 35 cycles of 95°C for 30 seconds, 
52.5°C for 10 seconds and 60°C for 4 minutes. For plasmid DNA sequencing, the 
conditions only consisted of 35 cycles of 96°C for 10 seconds, 50°C for 5 seconds and 
60°C for 4 minutes. The sequencing products will be sent to the IMCB Central 
Sequencing Facility to perform sequencing analysis. 
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2.3.3 Site-directed mutagenesis  
Site-directed mutagenesis in a gene was performed based on a modified PCR method. A 
50 μl PCR reaction composed of: 5 μl 10X PCR reaction buffer, 1 μl 10 mM dNTP, 1 μl 
10 μM of specific primers containing a stop codon listed in Table 2.1, 100 ng template 
plasmid DNA, 1 μl Pfu (2.5 units/μl, Stratagene, Cat. No. 600250), and deionized water. 
The following program was used for amplification: 95°C for 20 seconds, 50°C for 30 
seconds, and 68°C for 12 minutes for 18 cycles. 10 μl of PCR products were loaded in 
1% agarose gel for analysis, whilst 15 μl of PCR products was treated by 1 μl Dpn I 
(NEB, Cat. No. R0176S) for 2 hours at 37°C. Finally, 1 μl of digested PCR products was 
directly used for transformation of DH5α cells. 
 
2.3.4 Southern Blot analysis  
 
2.3.4.1 Preparation of DIG-labeled DNA probes  
The PCR method was used to synthesize DIG-labeled DNA probes for Northern Blot or 
Southern Blot. Except that 10 μM dNTPs was replaced by 10X PCR DNA DIG Labeling 
mix (Roche, Cat. No. 1636090), other components in this PCR reaction were the same as 
described in Section 2.3.1.1. However, for a probe which length was more than 1 Kb, 
dNTPs was combined with PCR DNA DIG Labeling mix to perform PCR.  At the same 
time, a normal PCR reaction was set up as a control. After the PCR products were 
purified using the High Pure PCR product purification kit (Roche, Cat. No. 
11732668001), 2 μl of labeled and control products were analyzed on 1% agarose gel and 
the yield was estimated by comparing to the fluorescence intensity of 1 Kb ladder (New 
England Biolabs, Cat. No. N3232L). 
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2.3.4.2 DNA gel electrophoresis 
For Southern analysis of zebrafish genomic DNA, 15 μg digested DNA with Bgl II 
BamH I, EcoR I or Hind III were separately loaded into the 0.7% agarose gel containing 
0.5 μg/ml ethidium bromide. The gel was run at 80 V for 5 hours to allow different sized 
DNA separate slowly. DNA was visualized on a UV transilluminator and photographed. 
 
2.3.4.3 Transfer of DNA from gel to Hybond-N membrane 
After fractionating the DNA by gel electrophoresis, the gel was soaked in several 
volumes of 0.2 M HCl until the bromophenol blue turned yellow and the xylene cyanol 
turned yellow/green. Then HCl was immediately discarded into a hazardous-waste 
container and the gel was rinsed several times with deionized water. The treated gel was 
denatured in 10 gel volumes of denaturation solution (0.5 M NaOH, 1.5 M NaCl) for 45 
minutes with constant gentle agitation, followed by briefly rinsing in deionized water, 
and then neutralized by soaking in 10 gel volume of neutraliztion buffer I (1.5M NaCl, 
1M Tris, pH 7.4) for 30 minutes. Finally, the DNA was transferred overnight onto a 
Hybond-N nylon membrane (GE Health care, Cat. No. RPN303B) using 20X SSC (3 M 
NaCl, 0.3 mM trisodium citrate, pH 7.0) as a transfer buffer. After the transfer, the 
membrane was briefly washed in 2X SSC and fixed in a GS Gene Linker UV Chamber 
(Stratagene, UV Stratalinker® 2400). 
 
2.3.4.4 Hybridization 
The membrane was pre-hybridized in DIGTM Easy Hybridization buffer (Roche, Cat. 
No.1 603 558) at 50°C for 2 hours, and hybridized at 50°C overnight in the same buffer 
containing 25 ng/ml of DIG-labeled DNA probe prepared as described in section 2.3.4.1. 
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After hybridization, a series of washes were carried out, including two 5-minute washes 
in 2X SSC/0.1% SDS (W/V) at 68°C, two 15-minute washes in 0.5X SSC/0.1% SDS 
(W/V) at 68°C, one wash in 0.1X SSC/0.1% SDS (W/V) at 68°C.  The remaining steps 
were carried out at room temperature. The membrane was firstly blocked in Roche 
Blocking Reagent for 30-60 minutes and then incubated in the antibody solution (anti-
digoxigenin-AP (Roche, Cat. No. 1 093 274) 1:20,000 dilution in Roche Blocking 
Reagent) for 30 minutes. After six washes in Roche washing buffer, each for 15 minutes, 
the membrane was equilibrated in Roche detection buffer for 3 minutes. The membrane 
was layered using Ready-to-use CDP-star solution (Roche, Cat. No. 12 042 677 001), and 
incubated for 5 minutes. Finally, the hybridization signals in the membrane were visible 
on an X-ray film (GE Healthcare, Cat. No. RPN3114K) developed on a KODAK X-Omat 
2000 film processor in the dark room. All the buffers and reagents used were from DIG 
Wash and Block Buffer Set (Roche, Cat. No. 1585762).  
 
2.4 Zebrafish genomic DNA extraction 
 
2.4.1. Genomic DNA extraction from adult zebrafish 
Before extracting zebrafish genomic DNA, the adult zebrafish need to be starved for one 
or two days. The zebrafish was transferred into a Petri dish and anesthetized with ice or 
in egg water supplemented with ethyl 3-aminobenzoate methanesulfonate salt. The fish 
was weighed and transferred into 10 ml zebrafish lysis buffer (10 mM Tris, 50 mM KCl, 
0.3% Tween-20, 0.3% Nonidet P40, 0.5 μg/μl Proteinase K, pH 8.2). The mixture was 
incubated overnight in an oven at 55°C with gentle shaking. The next morning, the 
mixture was spun at 10,000 g for 15 minutes. The debris was discarded, and the 
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supernatant was subsequentially treated with the same volume of the following solutions, 
phenol (pH 8.0), 1:1 phenol (pH 8.0) /chloroform and chloroform. For each treatment, the 
mixture is gently shaken for 10 minutes, and then span at 10,000 g for 10 minutes to 
obtain the upper phase. Finally, an equal volume of isopropanol was added to the upper 
phase for the genomic DNA precipitation. After gentle inverting the mixture for several 
times, the cloudy white DNA was collected using a clean inoculation stick, and washed 
twice with 1.5 ml 70% Ethanol. The genomic DNA was dissolved in 1X TE buffer (10 
mM Tris-HCl, 1 mM EDTA, pH 8.0) for several days at 4°C. This DNA solution can be 
directly used for PCR analysis, or stored in -20°C.  
 
2.4.2 Isolation of genomic DNA from embryos or scales of adult zebrafish  
Embryos or scales picked out from adult zebrafish by forceps were individually 
transferred into 0.2 ml PCR tubes or 96-well plates. To extract genomic DAN from 
embryos, 30 μl zebrafish lysis buffer was added to each sample. For extraction of 
genomic DNA from scales of an adult fish, 10 μl zebrafish lysis buffer was added to each 
scale sample. After sealing the 96-well plate with the aluminum film or covering lids, 
they were incubated in a Thermal Controller (Model PTC-100, MJ Research) at 55°C for 
14 hours, followed by inactivating proteinase K (Finnzymes, Cat. No. F-202L) at 94°C 
for 20 minutes. After the debris was spun down at 1,000 rpm for 5 minutes, the 
supernatant was used as a PCR template immediately or stored at 4°C for future use. 
 
2.5 Genotyping defhi429+/- fish or defhi429-/- embryos 
defhi429+/- fish or defhi429-/- embryos were identified through PCR-based methods as 
described in section 2.3.1.1. Genomic DNA from single zebrafish embryo or fish scales 
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was used as the template. Two primer pairs, the def primer pair and LacZ primer pair, for 
genotyping were listed in Table 2.1. The LacZ primer pair includes two primers specific 
for LacZ gene in the retroviral vector, and the def primer pair contains two def specific 
primers spanning the retroviral vector insertion.  
 
2.6 General RNA application 
 
2.6.1 RNA extraction from embryos or adult zebrafish 
100 mg samples were homogenized with 1 ml TRI Reagent (Molecular Research Center, 
Inc. Cat. No. TR118). 0.2 ml of chloroform was added and shaken vigorously for 15 
seconds, followed by incubating at room temperature for 2-15 minutes. After 
centrifugation for 15 minutes at 12,000 g at 4°C, the aqueous phase was transferred to a 
new tube. To get RNA of better quality, the chloroform extraction step was repeated once.    
Normally, the isopropanol precipitation was used to obtain RNA.  0.5 ml of isopropanol 
was added per 1 ml TRI reagent used, mixed, and incubated at room temperature for 5-10 
minutes, followed by centrifugation at 12,000 g for 8 minutes at 4-25°C. The pellet was 
washed with 75% ethanol (V/V), followed by another centrifugation for 8 minutes at 4°C. 
After washing, RNA samples were air dried for 3-5 minutes, and dissolved in nuclease-
free water or stored as a pellet in 70% ethanol at -80°C.   
For liver sample, the RNA precipitation should be carried out in 0.25 ml of isopropanol 
and 0.25 ml of high-salt precipitation solution (1.2 M NaCl, 0.8 M sodium citrate, no pH 
adjustment needed) per 1ml TRI reagent used. The remaining steps are the same as 
described above. According to the manufacturer’s description, using isopropanol and 
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high-salt precipitation solution could increase the RNA quality but it resulted in low 
molecular weight RNA losing.  
Finally, the RNA concentration was determined using spectrophotometer (ND-1000, 
NanoDrop) and the RNA quality was evaluated by electrophoresis in 1.3% denaturing 
gel. 
 
3.6.2 Removal of genomic DNA  
To remove the remnant genomic DNA in total RNA, 20 μg total RNA and 1-2 Units of 
RNase-free DNase I (Roche, Cat. No. 10 776 785 001) was added in 200 μl of 1X in vitro 
transcription reaction buffer (Roche, Cat. No. 11 465 384 001). After incubating the 
solution at 37°C for 20 minutes, total RNA was purified using the RNeasy® Mini Kit as 
described in the manufacturer’s instruction (QIAGEN, Cat. No. 74106). 
 
2.6.3 mRNA isolation 
Oligotex® mRNA Midi Kit (QIAGEN, Cat. No. 70042) was used to purify mRNA from 
total RNA following the protocol provided by the manufacturer.   
 
2.6.4 5’-RACE and 3’-RACE 
The FirstChoice® RLM-RACE kit (Ambion, Cat. No. 1700) was used to clone the 5’ and 
3’ ends of target genes. Experiments were performed according to the manufacturer’s 
instructions. Zebrafish total RNA at different stages was used as the starting material and 
gene specific primers were designed and used (Table 2.2). 
 
2.6.5 Reverse Transcription PCR (RT-PCR) 
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2.6.5.1 One-step RT-PCR 
The Titan One Tube RT-PCR system (Roche, Cat. No. 11 855 476 001) allowed the first 
strand cDNA synthesis and PCR to carry out in one tube. The standard 50 μl RT-PCR 
reaction was composed of 10 μl 5X RT-PCR buffer, 1 μl 10 mM dNTPs, 2 μl 10 μM of 
specific primers (Table 2.1), 2.5 μl 100 mM DTT, 0.25 μl rRNasin® RNase inhibitor 
(20U/μl, Promega, Cat. No. N251A), 1 μg Total RNA without zebrafish genomic DNA, 1 
μl enzyme mix and sterile distilled water. The sample was equilibrated at 50°C for 30 
minutes, followed by a thermocycling program as described in Section 2.3.1.1.  
 
2.6.5.2 Two-step RT-PCR 
Firstly, cDNA was synthesized from total RNA without the remnant genomic DNA using 
SuperScriptTMII RNase H- Reverse Transcriptase (Invitrogen, Cat. No. 18064-22). This 
synthesized cDNA can be used immediately or stored at -20°C for one year. Secondly, 2 
μl of the synthesized first strand cDNA were used in a 50-μl PCR reaction. The gene 
specific primers were listed in Table 2.1. 
 
2.6.6 mRNA synthesized by in vitro transcription  
Capped mRNA was synthesized by in vitro transcription. The coding sequence of a target 
gene was inserted into the pCS2+ vector, which contains a SP6 promoter and a SV40 
polyA signal. The linearized construct was used as a template for capped mRNA 
synthesis by following the manufacturer’s instruction of the mMESSAGE mMACHINE® 
SP6 Kit (Ambion, Cat. No.1340). The purified capped mRNA was dissolved in RNase-
free H2O at a high concentration (more than 1 μg/μl) and aliquoted into small quantities 
(1–2 μl), and then stored at -80°C for long-term usage. 
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2.6.7 Northern Blot analysis 
 
2.6.7.1 Probe preparation 
DIG-labeled DNA probes were generated by PCR method described in Section 2.3.5.1. 
Before use, DNA probe was denatured at 100°C for 10 minutes followed by immediately 
incubating on ice. It was diluted in pre-warmed DIG Easy Hyb (Roche Cat. No. 1 603 
558) to get a final concentration of 25 ng/ml. DIG-labeled RNA probes were generated 
by in vitro transcription as described in Section 2.13.1. After purification of RNA probe, 
it was denatured at 80°C for 10 minutes and diluted in DIG Easy Hyb to a final 
concentration of 50-100 ng/ml. 
 
2.6.7.2 RNA sample preparation 
For each sample, 10-30 μg total RNA or mRNA was added in 20 μl RNA formaldehyde 
loading buffer (1X MOPS, 50% deionised formamide, 6.5% Formaldehyde, 50 ng/μl 
EtBr), and denatured at 65°C for 20 minutes, followed by chilling on ice for 5 minutes. 
The denaturing gel was prepared as described in the Table 2.3.  
 
2.6.7.3 RNA gel electrophoresis 
Approximately equal amount of RNA samples were separated by electrophoresis on the 
denaturing gel at 10-12 V/cm in 1X MOPS running buffer (5 mM NaOAC, 0.02 M 
MOPS, 1 mM EDTA, pH 7.0). The RNA size was referred to an RNA molecular weight 
ladder (Invitrogen, Cat. No. 15620-016). After electrophoresis, the gel was briefly rinsed 
with sterile water followed by two washes in 20X SSC for 15 minutes. RNA was 
transferred overnight onto Hybond N+ membrane (GE Health care, Cat. No. RPN303B) 
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using 20X SSC. Transferred RNA was fixed on the membrane by a UV crosslinker 
(Stratalinker, Stratagene). The RNA quantity and quality on this membrane was 
evaluated by staining with methylene blue staining buffer (0.3 M NaOAc pH 5.2, 0.03% 
Methylene Blue, MRC Cat. No. MB119). 
 
2.6.7.4 Hybridization analysis 
The RNA membrane was pre-hybridized at 50°C or 68°C for 2 hours in DIGTM Easy 
Hybridization buffer (Roche Cat. No. 1 603 558) in, and then hybridized overnight with 
DIG-labeled DNA probe at 50°C or with DIG-labeled RNA probe at 68 °C. After 
hybridization, the detection was performed as described in section 2.3.5.4. 
 
2.7 General protein Application 
 
2.7.1 Protein expression in E. Coli cells 
 
2.7.1.1 Heat-shock transformation of M15 or BL21 competent cells  
M15 or BL21 competent cells were prepared using CaCl2 method. A single colony of 
M15 or BL21 E. coli cells was inoculated in 3 ml of LB medium overnight at 37°C with 
shaking at 250 rpm. The next morning, 1 ml of fresh starter culture was transferred to 200 
ml liquid LB medium in a 1 L flask and continued to grow at 37°C with shaking at 250 
rpm until the OD600 reached 0.5-0.8. The flask containing the cell culture was immersed 
in ice for 10 minutes and the cells were kept cold for the rest of preparation. The bacterial 
cells were harvested by centrifuging at 5,000 rpm for 5 minutes, and supernatant was 
poured off. The cells were re-suspended in 50 ml of cold 0.1 M CaCl2, and the above step 
was repeated. The cells were then re-suspended in 5-8 ml cold 0.1 M CaCl2 until the 
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OD600 of cells diluted 1 to 5 reached 1.6-1.8 and kept in the tube on ice for 20 to 24 hours. 
1.5-2.4 ml of 87% glycerol was added to the re-suspended cells to a final concentration of 
20% glycerol and mixed by gentle shaking. These cells were aliquoted into 200 μl per 1.5 
ml tube and stored in -80°C, or immediately used for the heat-shock transformation with 
the plasmids, in which the entire def coding region and two truncated def coding regions, 
encoding Def N-terminus peptide (aa32-aa178) and C-terminus peptide (aa396-aa699), 
were separately cloned into pQE30, pQEUb and pGEX-KG.  
 
2.7.2 Protein expression  
A single colony of E. coli cells containing the desired recombinant plasmid was 
inoculated in 2 ml SOB medium [2 % (W/V) Bacto-tryptone, 0.5 % (W/V) yeast extract, 
10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, pH 6.8-7.8] containing 
appropriate antibiotics (ampicillin 100 μg/ml or kanamicin 50 μg/ml) overnight at 37°C 
with vigorous shaking. The next morning, the overnight culture was diluted 1 into 100 in 
5 ml fresh SOB medium containing appropriate antibodiotics and continued to grow at 
37°C with shaking until the OD600 reached 0.5-0.8. 0.1-1 μl of 1 M IPTG was added to 
this culture and incubated for an additional 4 hours to induce protein expression. 1 ml of 
induced cells was harvested by centrifuging at the maximum speed for 3 minutes to 
prepare the protein sample for the SDS-PAGE electrophresis.  
 
2.7.3 Protein purification 
Two fusion proteins, Def N-terminus peptide fused with 6xHis-Ubiqutin and Def C-
terminus peptide fused with 6xHis, were expressed in E. coli cells. After sonicating 
induced E. coli cells in 50 mM Tris (pH 8.0) containing 2.5 mM MgCl2 for 2 minutes, the 
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fusion protein containing Def N-terminus peptide mainly was found in the supernatant 
while the fusion protein containing Def C-terminus peptide mainly existed as inclusions 
in the pellet. Different methods were utilized to purify these two proteins. 
 
2.7.3.1 Purification of soluble protein  
Appropriate TALONTM SuperflowTM metal affinity resins (Clontech, Cat. No. 8909-1), 
which specifically binds 6xHis-tagged proteins, was added to the supernatant containing 
the soluble protein. The mixture was incubated at room temperature for 1 hour or 
overnight at 4°C. After incubation, those resins were washed according to the 
manufacturer’s instructions. The resins were then equilibrated in 50 mM Tris (pH 8.0) 
containing 2.5 mM MgCl2, followed by spinning. After careful removing the supernatant, 
the same volume of the balancing buffer containing Thrombin 20 units/ml (Roche, Cat. 
No. 10602418001) was added to the resins. After incubating the solution at 4°C overnight, 
the desired peptide was cut from the fusion protein. Next day, after spinning at 3,000 rpm, 
the supernatant containing protein was collected, and the resins were washed once with 
the balancing buffer. The washing solution and the previous supernatant were pooled 
together, and the purified protein was concentrated to 1-2 μg/μl by a centrifugal filter 
Cetricon YM-10 (Millipore, Cat. No. 4205). 
 
2.7.3.2 Purification of insoluble protein  
The pellet containing inclusions was washed three times with PBS solution. The pellet 
was re-suspended in PBS at a small volume and added gently to the surface of the 
sucrose density gradients followed by centrifuging at 4,000 rpm for 2 hour at 4°C; the 
cloudy white part was colleted using a pipette. Three-volume PBS was added to this 
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collection. After spinning, the pellet was used to prepare the protein sample followed by 
SDS-PAGE gel electrophoresis. The gel containing desired protein was cut out and 
grinded into fine pieces. The gel pieces were equilibrated in PBS overnight at 4°C with 
gentle shaking to elute the protein. After spinning at the maximum speed, the gel was 
removed, and the protein was concentrated to 1-2 μg/μl by centrifugal filters Centriprep 
YM-30 and Cetricon YM-10 (Millipore, Cat. No. 4306 and 4205).  
 
2.7.4 Antibody generation 
Three rabbits were used for each antigen. In the first immune, the concentrated purified 
protein was mixed with Inject® Freund’s Complete Adjuvant (Pierce, Cat. No. 77140) 
for 30 minutes at the volume ratio 1 to 1 using a specific 3-way adapter (Sigma, Cat. No. 
S7521). 5 ml blood as a blank serum control was extracted from each rabbit, which had 
been settled down in the NUS Animal House Unit for 2 weeks. The prepared immunogen 
containing 100 μg purified protein for one rabbit was injected into its leg muscle. From 
the second immune on, Inject® Freund’s Complete Adjuvant was substituted by Inject® 
Alum (Pierce, Cat. No. 77161) to immunize rabbits every two weeks.  
To get the serum from the rabbit blood, the collected blood was incubated at 37°C for 30 
minutes, followed by incubating at 4 °C overnight. After centrifuging at 4°C at 1,000 g 
for 10 minutes, the serum in the supernatant was stored at -20 °C. After two immune 
boosts, the serum can be extracted to test the quality and specificity of the antibody. 
 
2.7.5 Antibody affinity purification 
After running into 12 % SDS-PAGE gel, 100 μg of Def N-terminus peptide (aa32-aa178) 
was transferred to PVDF membrane (Millipore, Cat. No. IPVH00010), followed by 
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staining with Ponceau S Solution (Sigma, Cat. No. P7170). The slice of membrane 
containing this protein was cut off and transferred into 15 ml tube, followed by 
incubation with 5% milk in PBS for more than 1 hour. After washing with PBS, the 
membrane was treated with the following: soaking in 0.2 M glycine (pH 2.5) for 3 
minutes, rinsing 3 times with PBS, rinsing once with 50 mM Tris (pH 8.5), soaking in 
100 mM ethanolamine for 3 minutes, and rinsing 3 times with PBS again. The membrane 
treatment was repeated 1-2 times. After re-incubation with 5% milk in PBS for more than 
1 hour, the membrane was incubated with 0.5 ml original serum overnight at 4°C. Next 
day, after brief rinsing with PBS, the membrane was washed in PBS for 3X 1 hour at 4°C. 
Antibody was eluted by incubating in 0.6 ml of 0.2 M glycine (pH 2.5) for 3 minutes. 
This elution was collected into 1.5 ml tube containing 150 μl 1 M Tris (pH 8.0) and 30 μl 
BSA (10 mg/ml). This membrane can be re-used for more than 10 times.  
 
2.7.6 Western Blot 
 
2.7.6.1 Protein sample preparation 
To extract protein from E. coli cells, the overnight cell culture was transferred to 1.5 ml 
tubes, and was spun down at 5,000 rpm for 3 minutes. After removing the supernatant, 
the pellet was suspended in 500 μl of sterile water, followed by another spin. The pellet 
was re-suspended in 1X Lamini buffer. The lyses solution was directly boiled in a heating 
block at 100°C for 10 minutes and spun at the maximum speed in a desktop centrifuge 
for 5 minutes. The supernatant can be loaded for western blot analysis immediately or 
stored in -20 °C freezer for future analysis. Prior to loading on gel, the frozen sample was 
re-boiled for 3 minutes. 
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To prepare protein extracts from yeast cells, 5 ODs of the overnight yeast culture 
(OD600=1.0) were collected and yeast cells were harvested by centrifuging at a maximum 
speed for 3 minutes. The pellet was washed once with 50 mM Tris (pH 7.5) and frozen 
on dry ice. 0.2 g glass beads (Sigma, Cat. No. G-8772) and 50 μl of 2% SDS was added 
to this pellet, followed by vigorous vortex for 90-120 seconds. This mixture was boiled 
for 3 minutes, and 10 μl of 5X Lamini buffer [75% glycerol, 25% β-mercaptoethanol, 3% 
(W/V) SDS and 1.8% (W/V) bromophenol blue, 0.375 M Tris pH 6.8] was added to this 
mixture followed by additional boiling for 1 minute. After a brief spin, the supernatant 
was transferred to a new 1.5 ml tube; this can be used immediately or frozen at -20°C.  
To prepare protein samples from zebrafish embryos, 100 dechorined embryos were rinsed 
briefly in cold PBS and transferred to 1.5 ml tubes. The embryos were homogenized in 1 
ml cold PBS containing protease inhibitor (Roche Cat. No. 10752800) using syringe (1 
ml) and needle (size 26G). The mixture was spun down at 200 g in a 4°C centrifuge for 5 
minutes. After carefully removing the supernatant, the pellet was added with 80 μl of 
whole cell lysis buffer (20 mM NaF, 1 mM DTT, 1 mM EDTA, 0.1 mM Na3VO3, 10 % 
glycerol, 0.2 % or 0.5 % NP40, 10 m M or 280 mM KCl, 20mM Hepes ph 7.9) at 1-2 μl 
per embryo and 20 μl of 5X Lamini buffer to a final concentration of 1X. The sample was 
boiled at 100°C for 10 minutes on a heating block. The lysate was spun at the maximum 
speed in a desktop centrifuge for 5 minutes, and the resulting supernatant was used as for 
western analysis or stored in a -20°C freezer for future use. 
 
2.7.6.2 SDS-PAGE gel electrophoresis and membrane transfer  
The SDS-PAGE gel was prepared using Mini-PROTEAN® Cell (Bio-Rad, Cat. No. 165-
3301) following the manufacturer’s instructions. The composition of SDS-PAGE gel was 
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described in Table 2.4. 5-20 μl of protein sample prepared from Section 2.7.6.1 was 
loaded in the gel, and a dual color protein ladder (Bio-Rad, Cat. No. 161-0374EDU) was 
used as a protein size reference. The PVDF membrane (Millipore, Cat. No. IPVH00010) 
was rinsed with 100% methanol followed by washing with water for 2 minutes. This 
membrane was socked in 1X transfer buffer for 3 minutes and the protein gel was also 
soaked in 1X transfer buffer for 5 minutes after the SDS-PAGE gel electrophoresis under 
the conditions of 100 V for 10-20 minutes and 140 V for 1 hour or longer. The protein 
sample was transferred from gel to the treated PVDF membrane by the Mini Trans-Blot® 
Electrophoretic Transfer Cell (Bio-Rad, Cat. No. 170-3930) following the description in 
the manufacturer’s instructions. Before hybridization, the transferred membrane was 
rinsed in 100% methanol followed by incubating at 37°C for 15 minutes. 
 
2.7.6.3 Signal detection of target protein 
To check the quality of electrophoresis and transferring, the transferred membrane was 
stained with Ponceau S Solution (Sigma, Cat. No. P7170), which rapidly stains proteins 
on PVDF membranes in a reversible manner. All steps were carried out at room 
temperature unless specified. The stained membrane was washed in distilled water until 
the red dye disappeared. The transferred membrane was blocked in 1.5% BSA (dissolved 
in PBST) (Sigma, Cat. No. A7030) for 1 hour, followed by soaking in 1:100 to 1:2,000 
primary antibody (dilution in 1.5% BSA) for 1 hour or overnight at 4°C. The membrane 
was washed six times in PBST, each for 5 minutes. It was soaked in 1:40000 secondary 
antibody (dilution in 1.5% BSA) (Pierce, Cat. No. 31460 and 31430) for 30 minutes, 
followed by six washes in PBST, each for 5 minutes. The membrane was covered with 
the SuperSignal ELISA Femto Maximum Sensitivity Substrate (Pierce, Cat. No. 37075) 
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for 3 minutes. After exposing for 1 second to 30 minutes, the signal was visible on an X-
ray film.  
 
2.7.7 Immunochemical whole mount staining 
All steps were carried out at room temperature unless specified. The dehydrated embryos 
were re-hydrated as described in Section 2.13.2. These re-hydrated embryos were washed 
four times in PBS, each for 2 minutes, and then permeabilized in cold acetone at -20°C 
for 7 minutes. To remove acetone, the embryos were washed four times in PBS, each for 
2-3 minutes. To reduce the non-specific binding of antibodies, the embryos were blocked 
for 1 hour with gentle agitation in blocking buffer [2% normal goat/sheep serum (Sigma, 
Cat. No. G9023) in PBDT (1X PBS, 1% BSA, 1% Dimethyl Sulfoxide (DMSO), 0.5% 
Triton X-100)]. The embryos were incubated in the primary antibody solution (self-made 
anti-Def N-terminus peptide 1:100 dilution in blocking buffer) at 4°C with gentle 
agitation overnight. The embryos were washed four times in PBDT, each for 30 minutes, 
followed by incubation in the secondary antibody solution (anti-rabbit-GFP, Molecular 
Probes, Cat. No. A11070 and A11008, 1:300 dilution in blocking buffer) at 4°C with 
gentle agitation overnight. After four washed times in PBDT, the embryos were mounted 
in a mounting medium with DAPI (Vectorlabs, Cat. No. H-1200) for image capturing 
under confocal microscopes (Zeiss LSM 510 or Olympus FluoView 1000). 
 
2.8 Co-immunoprecipitation (Co-IP) analysis 
The entire coding sequences of rybp and def were respectively amplified with 
corresponding primer pairs (Table 2.1) using the Phusion enzyme (Finnzymes, Cat. No.F-
540L). PCR products were digestied with BamH I and EcoR I or Sal I, and ligated into 
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pCS2+ vector using the Rapid DNA Ligation Kit (Roche, Cat. No. 11635379001) as 
described in Section 2.3.1.4. To facilitate our studies, rybp is fused with a HA-tag at its 
N-terminus and def with a MYC-tag at its N-terminus. The pCS2+-HA-rybp and pCS2+-
MYC-def plasmids were respectively linerized with Not I and Sac II for synthesizing the 
HA-rybp and MYC-def mRNA with the mMESSAGE mMACHINE® SP6 kit (Ambion, 
Cat. No.1340) as described in Section 2.5.6. Approximately 1 ng of def and 0.5 ng of 
rybp mRNA were either injected alone or co-injected into the wild-type embryos at one-
cell stage, while the uninjected embryos were used as the control. At 24 hpf, 200 embryos 
of each injection were deyolked as mentioned in Section 2.6.6.1. The pellet was 
homogenized in Tris.Cl Lysis Buffer (150 mM NaCl, 0.1% NP40, 0.1 mM DTT and 1X 
Complete (Roche, Cat. No. 1 873 580), 50 mM Tris.Cl pH 8.0). The lysate was spun at 
14,000rpm for 5 minutes at 4°C. Before being loaded onto the Co-IP column (Pierce, Cat. 
No. 23612 and 23620), 20 µl supernatant was taken out as the input control. The rest was 
mixed with 6 µl anti-HA agarose or anti-MYC agarose. The subsequent procedures 
followed the manufacturer’s instruction. All samples were equally loaded into two PAGE 
gels for western blot analysis, one was probed with an anti-HA antibody and the other 
with an anti-MYC antibody. 
 
2.9 Yeast two-hybrid assay 
 
2.9.1 Bait constructs and cDNA expression library  
To identify proteins physically interacting with Def, def full-length cDNA, and def 
coding sequences with 5’-deletion (1-1185 bp deletion) or 3’-deletion (535-2259 bp 
deletion) were cloned into GAL4 DNA-BD vector according to section 2.3.1. The 3’-
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deletion construct codes for Def N-terminus peptide aa32-aa178 and the 5’-deletion 
construct codes for aa396-aa699. 
To construct the cDNA expression library, 1 g of zebrafish embryos at stages 18hpf, 
28hpf, 48hpf and 4dpf were collected, respectively. 150 μg total RNA at each stage was 
isolated and pooled to synthesize the cDNA. The obtained cDNA were cloned into GAL4 
AD vector by BD Biosciences Company to generate the expression library.  
 
2.9.2 Preparation of yeast competent cells 
Fresh colonies (2-3 mm in diameter each) were inoculated into 1 ml of YPD medium 
(Clotech, Cat. No. 630409) and vortexed vigorously to disperse any clumps. For 
preparation of yeast competent cells for a small scale transformation, the suspension of 
yeast cells was transferred to 50 ml YPD medium, followed by incubation at 30°C for 16-
18 hours with shaking at 250 rpm to stationary phase (OD600>1.5). The next morning, the 
overnight culture was transferred to 300 ml YPD medium at the OD600 of 0.2-0.3, and 
still inoculated at 30°C for 3 hours with shaking at 230 rpm. These cells were harvested 
by centrifugation at 1,000 g for 5 minutes at room temperature. The cell pellet was 
suspended in 25 ml water for a small scale. After pelleting the cells again at 1,000 g for 5 
minutes at room temperature, the harvested cells were re-suspended in 1.5 ml freshly 
prepared, sterile 1X TE/LiAc. For a library scale transformation, 150 ml YPD medium 
containing suspended yeast cells from fresh colonies were incubated. The next morning, 
the overnight culture was transferred to 1 L YPD medium. After washing the cell pellet 
in 500 ml water, and the harvested cells were re-suspended in 8 ml 1X TE/LiAc. When 
we performed the secondary transformation in a sequential transformation protocol, YPD 
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medium was replaced by -Trp medium [2.67% (W/V) minimal SD Base powder (Clotech, 
Cat. No. 630411), 0.074% (W/V) -Trp DO supplement (Clotech, Cat. No. 0695B81)].  
 
2.9.3 Transformation of yeast competent cells with plasmids 
For a small scale transformation, 1 μl plasmid DNA and 3 μl Sonicated Salmon Sperm 
DNA (Stratagene, Cat. No. 201190) were added to 50 μl yeast competent cells and mixed. 
300 μl of freshly prepared PEG/LiAc solution (40% PEG in 1X TE/LiAc) was added to 
the DNA-competent cell mixture and mixed by vigorous vortexing at the maximum speed, 
followed by incubation at 30°C for 30 minutes with shaking at 200 rpm. 35 μl of DMSO 
was added in each tube and mixed gently with above mixture by several inversions, 
followed by a heat shock at 42°C for 15 minutes. After incubation, the tube was 
immediately immersed in ice for 1-2 minutes, followed by spinning at the maximum 
speed for 10-20 seconds. The vacuum pump was used to suck out the supernatant and the 
cell pellet was re-suspended in 25 μl 1X TE (pH 8.0).  All transformed yeast cells were 
plated on a -Trp plate or 2 μl of transformed yeast cells was placed on a -4 plate without 
plating. 
For a library scale transformation, 8 ml of competent cells were mixed with 500 μg 
library-AD constructs and 20 mg carrier DNA. 60 ml of fresh prepared PEG/LiAc 
solution was added and mixed by a vigorous vortex, followed by incubation as described 
in a small scale transformation. 7 ml of DMSO was added to the mixture, followed by 
heat shock at 42°C for 15 minutes with occasional swirls. After chilling on ice, the cells 
were harvested by centrifugation at 1,000 g for 5 minutes. The transformed cells were re-
suspended in 10 ml 1X TE, and 1 μl of the suspension was diluted (1:100) and plated on -
2 plates [2.67% (W/V) minimal SD Base powder, 0.064% (W/V) -Leu/-Trp DO 
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supplement (Clotech, Cat. No. 0692B72), 2% (W/V) agar] to determine the 
transformation efficiency while the remaining was plated on -4 plates [2.67% (W/V) 
minimal SD Base powder, 0.060% (W/V) -Ade/-His/-Leu/-Trp DO supplement (Clotech, 
Cat. No. 0692B58), 2% (W/V) agar] to screen interacting proteins with the bait protein, 
Def. 
 
2.9.4 Extraction of plasmids from yeast cells 
Yeast cells from one colony was scraped off the -4 plate and dispersed into 1 ml -4 
medium with vigorous vortex. This yeast cell mixture was transferred into 2 ml of -4 
medium to incubate overnight at 30°C. After harvesting the overnight yeast cells by 
centrifugation at 14,000 rpm for 30 seconds, the cell pellet was resuspended in 500 μl 
yeast lysis buffer (2% Triton X-100, 1% SDS, 100 mM NaCl, 1 mM EDTA, 10 mM Tris-
Cl pH 8.0) containing 0.3 g glass beads (Sigma Cat. No. G-8772). To lyse the yeast cells, 
the mixture was vigorously vortexed for 3 minutes. 400 μl phenol:chloroform solution 
was added to the mixture followed by another vortex for 2 minutes. After spinning at 
14,000 rpm for 10 minutes, 360 μl of the upper phase was mixed with 40 μl 3 M NaOAc 
(pH 5.2) and 1 ml 100% ethanol. DNA was precipitated at -80°C for 10 minutes. After 
spinning at 14,000 rpm for 5 minutes, the DNA pellet was washed with 70% ethanol, and 
dissolved in 50 μl deionized water. 1 μl of DNA was used for electroporation. 
 
2.9.5 Electroporation of XL1-Blue competent cells with plasmids 
 
2.9.5.1 Preparation of XL1-Blue competent cells  
A fresh colony of XL1-Blue E. coli was inoculated into 50 ml SOB without magnesium 
in a 500 ml flask and cultured overnight at 37°C with vigorous aeration. The next 
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morning, 0.5 ml overnight culture was diluted into 500 ml SOB without magnesium [2% 
(W/V) bacto-tryptone, 0.5% (W/V) bacto-yeast extract, 0.5% (W/V) NaCl, 2.5 mM KCl]. 
And the cells continued to grow for 2-3 hours at 37°C with vigorous aeration until the 
OD550 reached 0.8. The cells were harvested by centrifuging at 2,600 g in a JA10.500 
rotor at 4°C for 10 minutes. The pellet was washed by re-suspending in 500 ml of sterile 
ice-cold WB (10% redistilled glycerol, 90% distilled water) and the cell suspension was 
re-spun at 2,600 g at 4°C for 15 minutes. After careful pouring off the supernatant as 
soon as the rotor stopped, the pellet was washed one more time as above. Finally the 
pellet was re-suspended in sterile ice-cold WB to a final volume of 2 ml. Competent cells 
can be used immediately or stored at -80°C after alliquot. 
 
2.9.5.2 Electroporation  
1 μl of DNA was added to 50 μl of the thawed competent cells and mixed using the 
pipette. Each cell-DNA sample was transferred to a disposable 0.1 cm cuvette (Bio-rad, 
Cat. No. 165-2089) using a micropipetter before being electrophorated. After performing 
electroporation under the pulse setting of 2.4 kV and 4 kΩ, 50 μl this cell suspension was 




2.10.1 Preparation of injected materials  
Before microinjection, morpholino or in vitro synthesized mRNA was diluted with 
distilled water and phenol red (0.5% in DPBS, Sigma, Cat. No. P0290) to reach a desired 
concentration. Phenol red was used to monitor the injection process. Capped mRNA was 
synthesized by in vitro transcription according to the description in Section 2.6.6. Gene-
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specific morpholinos including zebrafish standard control morpholino were designed and 
synthesized by Gene-Tools (www.Gene-tools.com), shown in Table 2.5. Mopholinos 
were dissolved in 1X Danieau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 
mM Ca(NO3)2, 5.0 mM HEPES pH 7.6) or distilled water as a 5 mM stock, aliquoted into 
10 μl and stored at -20°C. 
 
2.10.2 Preparation of accessory items, needles and supporter dishes 
The needles were made from borosilicate glass capillaries with an internal filament 
(10cm length, O.D. 1.0nm, I.D. 0.58mm) (Sutter Instrument, Cat. No. BF100-58-10). The 
capillaries were snapped by the micropipette puller (Sutter Instrument, P97 
flaming/brown micropipette puller). A sharp tip with an outer diameter of about 20 μm 
was cut on the pulled shank of the needle by fine forceps or a surgical blade under a 
dissection microscope.  
The 3% agarose in egg water was melted and cooled to 60°C. This 60°C agarose medium 
was poured on a petri dish, and a special plastic model was put on the surface. After 
removing this model from the solidified gel, small wedge-shaped holes or long furrows 
can bed the embryos for injection. 
 
2.10.3 Microinjection 
To microinjection, the balance pressure was adjusted to 0.2-0.4 psi to prevent medium 
from flowing back into the needle to dilute the injected sample, or introducing 
contamination, while RNA or morpholino at the desired concentrations was filled in the 
needle by a microloader (Eppendorf Cat. No. 5242 956 003). The 1-cell stage zebrafish 
embryos were sorted in small wedge-shaped holes or furrows on supporter dishes. The 
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needle was carefully extended through the chorion and quickly pierced into the yolk, 
followed by pressing the pedal. The injection volume was less than 2 nl, which can be 
measured by a calibration ruler. After the injection was made, the embryos were 
incubated at 28.5°C. 
 
2.11 Phenol red injection  
The embryos were collected at 5 dpf and soaked in egg water with ethyl 3-aminobenzoate 
methanesulfonate salt (stocking concentration 4 g/L, Sigma, Cat. No. A5040). Anesthetic 
embryos were sorted in wedge-shaped holes on the supporter dish (section 2.10.2), and 
phenol red (0.5% in DPBS, Sigma, Cat. No. P0290) was injected (2 nl) in the dorsal-
anterior region of the embryonic intestine. Finally, these embryos were awakening in the 
fresh egg water. The gall bladder was visible in half an hour after phenol red injection. 
 
2.12 Sectioning of zebrafish embryo 
 
2.12.1 Sectioning of paraffin-embedded embryos 
After fixing in 4% paraformaldehyde (Sigma, Cat. No. P6148) (PFA, dissolved in PBS) 
at 4°C overnight, zebrafish embryos were washed twice in PBS, each for 10 minutes, 
before being mounted in 1.5% agarose (Bio-rad, Cat. No. 161-3102, melted in PBS) in 
small chambers, such as the caps of 1.5ml Eppendorf tubes. The blocks were trimmed to 
a pyramid shape with a surgical blade and gradually dehydrated in a series of 
ethanol/PBS solutions (25%, 50% and 75% ethanol/PBS solution). Dehydrated embryos 
were sent to IMCB Histology Facility to be equilibrated with paraffin. After paraffin 
equilibration, the samples were embedded and mounted on plastic cassette for sectioning. 
Sections were cut serially at a 4-μm thickness using a microtome (Leica, RM2165). The 
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slices were unwrapped in hot water covering polylysine coated glass slides (Menzel, Cat. 
No. J2800AMNZ). After draining out water as much as possible using 1 ml pipette, the 
slides were incubated on a hot plate at 37°C for at least 2 hours before standard HE 




After fixing in 4% PFA at 4°C overnight, zebrafish embryos or embryos after WISH 
were washed twice in PBST (1X PBS with 0.1% Tween 20), each for 10 minutes, before 
being mounted in small chamber with 1.5% agarose melted in 30% sucrose PBST 
solution. The blocks were trimmed to a pyramid shape with a surgical blade, and 
equilibrated in 30% sucrose PBST solution overnight at 4°C. After equilibration, these 
blocks were mounted on the bottom of plastic molds with O.C.T. compound (Sakura Cat. 
No. 4583), and then frozen in dry ice or liquid nitrogen. The frozen blocks were used 
immediately or stored in an airtight box in -80°C for several months. 
For cryosectioning, the frozen blocks were mounted on the supporter (Leica, Cat. No. 
0.370.08587) with O.C.T. compound and equilibrated at -30°C in a pre-chilled 
microtome (Leica, HM505) for 2 hours prior to sectioning. Sections were cut serially at a 
12 μm thickness and then collected on polylysine coated glass slides (Menzel, Cat. No. 
J2800AMNZ). The section slices were de-hydrated by incubating on a hot plate at 42°C 
for 2 hours or overnight. After dehydrating these samples, the slides were used 
immediately for in situ hybridization or stored in airtight moisture protected chambers at 
-80°C for at least 3 months. 
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2.13 Whole Mount in situ Hybridization (WISH) 
 
2.13.1 Preparation of DIG-labeled RNA probe 
Plasmid DNAs were linearized by the appropriate restriction enzyme (Table 2.6), and 
purified by High Pure PCR product purification kit (Roche, Cat. No. 11732668001). A 20 
μl RNA probe synthesis reaction contained 1.5 μl RNA polymerase (Stratagene, Cat. No. 
600111, 600123, 600152), 0.25 μl rRNasin® RNase inhibitor (Promega, Cat. No. N251A), 
2 μl 10X DIG RNA or Fluorescein RNA labeling mix (Roche, Cat. No. 11 277 073 910 
and 11 685 619 910), 4 μl 5X reaction buffer, 1 μg linearized plasmid DNA or 100-200 
ng PCR product and nuclease free water. The reaction mixture was incubated at 37°C for 
2 hours. The DNA template was eliminated by incubation with 1 μl RNase-free DNase I 
(Roche, Cat. No. 10 776 785 001) at 37°C for 15 minutes. The synthesized probes were 
purified via a LiCl-ethanol precipitation method as described in the manufacturer’s 
instructions. However, for some special RNA probes, another purification using a M-30 
microcon (Millipore, Cat. No. 42410) was needed before a LiCl-ethanol precipitation. 
After the RNA probe was dissolved in RNase-free H2O, an aliquot of purified probe (1-2 
μl) was denatured at 65°C for 20 minutes followed by immediately chilling in ice, and 
then loaded onto 1.3% agarose gel to determine its quality and quantity in comparison 
with a RNA Ladder (Invitrogen, Cat. No. 15623-200); the remaining probe was 
denatured at 80°C for 10 minutes followed by instant plugging in ice for 10 minutes, 
diluted to a final concentration of 0.5-4 μg per ml of WISH hybridization buffer [50% 
Formamide, 5X SSC, 0.92 mM citric acid (pH 6.0), 0.1 % Tween 20, 50 μg/ml Heparin 
(SIGMA Cat. No.H-3400), 1 mg/ml tRNA (SIGMA, Cat. No. R-6750)], and stored at -
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20°C. Prior to use, the hybridization buffer containing probes was preheated at 68°C for 
20 minutes. 
 
2.13.2 High-resolution WISH protocol 
All washes were carried out at room temperature unless specified in WISH. For embryos 
before 3 dpf, the chorions were removed by pronase treatment (1 mg/ml) or with two sets 
of syringe (1 ml) and needle (size 26G). Then embryos without chorines were fixed in 
4% PFA at 4°C overnight. To remove remnant PFA, the fixed embryos were washed 
three times in PBST, each for 10 minutes. The embryos were then equilibrated in 100% 
methanol for 10 minutes and stored in 100% methanol at -20°C for at least 20 minutes or 
for later use. To recover embryos stored in 100% methanol for WISH, the dehydrated 
embryos were re-hydrated in a series of Methanol/PBST solutions (75%, 50% and 25% 
Methanol/PBST solution), each for 5 minutes, and subsequently washed twice in PBST, 
each for 10minutes. Embryos were permeated by digestion with proteanase K (20 ug/ml, 
FINNZYMES, Cat. No. F-202L) for an appreciate time (Table 2.7). After a brief wash in 
PBST, the embryos were re-fixed in 4% PFA for 20 minutes. Before two washes in PBST, 
each for 10 minutes, the re-fixed embryos were pre-hybridized in Hyb+ buffer at 68°C for 
2 hours. These pre-hybridized embryos were transferred to the pre-warmed Hyb+ buffer 
with probe at a desired concentration and then hybridized overnight at 68°C. On the next 
morning, the Hyb+ buffer with probe was recovered and stored at -20°C. The embryos 
were then washed at 68°C as followed: twice in 2X SSCT/50% Formamide, once in 2X 
SSCT/25% Formamide, twice in 2X SSCT and three times in 0.2X SSCT, each for 20 
minutes. After the final two washes in PBST at room temperature, each for 10 minutes, 
the embryos were incubated in blocking solution for 2 hours, and then incubated in the 
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anti-DIG-AP or anti-Fluorescein-AP antibody solution (1:5,000 dilution in blocking 
solution) overnight at 4°C. After the overnight antibody incubation, the embryos were 
briefly rinsed with PBST and then washed three times in 1% BCS/PBST, each for 30 
minutes. Before detection, the embryos were equilibrated three times with detection 
buffer, each for 10 minutes. The embryos were incubated in a specific staining buffer 
containing the relevant substrate in the dark either at room temperature or at 4°C. The 
staining time could vary from 30 minutes to overnight. The color reaction can be stopped 
by brief rinsing the embryos with PBST and fixing the embryos with 4% PFA for 1 hour. 
Finally, after two washes with PBST for 10 minutes each, the stained embryos were 
mounted in 100% glycerol for taking images or stored in 50% glycerol at 4°C. 
 
2.13.3 High throughput WISH protocol 
This WISH method was developed for quick identification of mutant embryos. It was a 
simplified version of High-resolution WISH protocol. Before hybridization, the 
dehydration and re-hydration treatment of fixed embryos were skipped, and other steps 
were same as described in section 2.13.2. Post-hybridization washes were simplified as 
the follow: two 15-minute washes in 2X SSCT at 68°C, three 15-minute washes in 0.2X 
SSCT at 68°C and one 15-minute wash in PBST at room temperature. Then, the embryos 
were incubated in the blocking buffer at room temperature for 1 hour, followed by the 
antibody incubation with a high antibody concentration (1:2000 dilution in blocking 
solution) for 2 hours. After two 20-minute washes in PBST and one 10-minutes 




2.13.4 Double WISH protocol 
This protocol was modified from High-resolution WISH protocol. All steps were 
carried out at room temperature unless specified in WISH. In this method, the 
hybridization buffer contained two or three RNA probes to label different cells with 
different colors. Normally, probes that gave a stronger signal were conjugated with 
Fluorescein while those giving a weaker signal were labeled by DIG. Embryos were 
incubated in pre-warmed Hyb+ containing antisense DIG-RNA probe and Fluorescein-
RNA probe (~500 ng/ml each) at 68°C overnight. Post-hybridization washes were the 
same as described in Section 2.13.2. After blocking, the signals of Fluorescein-labeled 
probes and DIG -labeled probes were detected one by one. 
The first detection for Fluorescein-labeled probes was described below. The embryos 
were incubated in the blocking solution containing 1:5000 diluted anti-Fluorescein 
antibody (Roche Cat. No. 1 426  338) at 4°C overnight. After post-antibody washes 
according to Section 2.13.2, the embryos were equilibrated in the FastRed detection 
buffer (0.1% Tween 20, 100 mM Tris pH 8.2) for 30 minutes and then stained in the dark 
with the FastRed substrate [1 FastRed tablet (Roche, Cat. No. 11 496 549 001) dissolved 
in 2 ml FastRed detection buffer]. This staining process was monitored until satisfactory 
signal was achieved. This reaction was stopped by a 30-minute incubation in 0.1 mM 
Glycine (pH 2.2). After the inactivation of the first-step staining, the embryos were 
washed with PBST for 6 times, each for 15 minutes, to remove the remnant FastRed 
substrate.  
Then, the second detection for DIG-labeled probes was performed. After re-blocking the 
embryos for two hours, the embryos were incubated overnight in the anti-DIG antibody 
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solution (Roche, Cat. No. 11 093 274 910) (1:5000 dilution in blocking solution). Post-
antibody washes were the same as described in Section 2.13.2. After the embryos were 
equilibrated in the NBT/BCIP detection buffer (50 mM MgCl2, 100 mM NaCl, 0.1% 
Tween 20, 100 mM Tris pH 9.5) for 30 minutes, the NBT/BCIP substrate  [1 NBT/BCIP 
tablet (Sigma, Cat. No.B5655-25TAB) dissolved in 10 ml H2O and 0.1% Tween 20] was 
used for staining. Once the second signal was satisfactory, the reaction was stopped by 
incubation in 4% PFA for 30 minutes. After the stained embryos were washed with PBST, 
they were mounted in 100% glycerol for picture taking, or kept in 50% glycerol at 4°C 
for a long-term storage.  
 
2.14 Alcine Blue staining 
Cartilage was stained with Alcian blue, using a modified protocol of Kelly and Bryden 
(1983). Larvae at 4 or 5 dpf were fixed overnight in 4% PFA and washed several times in 
PBST (phosphate-buffered saline with 0.1% Tween-20). In order to enhance their optical 
clarity, the specimens were bleached in 30% hydrogen peroxide for 2 hours or until the 
eyes were sufficiently translucent. The embryos were rinsed in PBST and transferred into 
a filtered, Alcian blue solution (1% concentrated hydrochloric acid, 70% ethanol, 0.1% 
Alcian blue) and stained overnight. Specimens were cleared in acidic ethanol (5% 
concentrated hydrochloric acid, 70% ethanol) for 4 hours, rehydrated in an ethanol series 




2.15 Alkaline phosphatase staining 
Embryos were fixed in 4% PFA/PBST for 2 hours at room temperature. After fixing, the 
embryos were washed in PBST for 2X 10 minutes and then soaked in pre-chilled acetone 
at -20 °C for 30 minutes. After the acetone treatment, the embryos were rinsed in PBST 
for 2X 5 minutes, equilibrated in the detection buffer for 10 minutes and then stained in 
the NBT/BCIP solution until the signal became satisfactory. 
 
2.16 Microscope and Photograph 
LEICA MZ75 stereomicroscope was used for daily injection and embryo development 
monitoring. In situ or live fish picture were captured by an Olympus DP70 camera under 
Olympus MVX10 stereomicroscope. def promoter:EGFP transgenic fish was visualized 
under LEICA MZ FLIII fluorescence microscope, which was attached with a Nikon 






Figure 2.1 Stages of the zebrafish embryo during development. (Adapted from 
Kimmel et al., 1995)  
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Table 2.2 Primers for 5’- and 3’-RACE 
Primer for PCR and RT-PCR 
Gene Forward Primer Reverse Primer 
ifabp 5’gaccttcaacgggacctg3’ 5’atcataaatatcaaaactcaca3’ 
foxA3 5’gtcgtcagtcactatccgtttct3’ 5’agggtctgtgtaattgtctgataa3’ 
F-action 5’accaccggtattgtgctggatgc3’ 5’acagatccttacggatgtcaatgtc3’ 





def full-length 5’ctatccatgaagaaaagaaaacagg3’ 5’cagtcatatgacagaagggaatac3’ 
def F9/R10 5’ttgcccacataccctcatttctac3’ 5’ttacccactaccaccaacacagat3’ 







exp-def-S1 5’gagctcggatcccacgataaggttgtt3’ 5’gtcgacaagcttagaggcctgtccgat3’ 
exp-def-S2 5’gagctcggatccaagccacctaatctg3’ 5’gtcgacaagctttccagcctgaagcat3’ 




Primer for examination of MO products 
def MO product 5’atgggcaaaagaaggcgatgtaaa3’ 5’tgcgcacttccttagcctccttca3’ 
rybp MO product 5’tacattacagaagccccctcctc3’ 5’cgcgttcctgtctccgttct3’ 
appbp2 MO product 5’gcggtggagctggaatggat3’ 5’cacagcactctacggcacgatacc3’ 
L159 MO product 5’ccacgaacagaggaaaagtc3’ 5’ggtggaggagcctgagtgag3’ 
L221 MO product 5’gccctccagctcccatacca3’ 5’ctcaatctgtcgctccttttcgtg3’ 
L245 MO product 5’tcggatgcaggatttgattgaca3’ 5’gcggagcattgcagccagac3’ 









Primer for defhi429 -/- or +/- genotyping 
def N1/(3’) 5’acatttgctagatcacctaagggaagc3’ 5’cagctgtagcactgatgtaaagttgg3’ 
Gdef-1kB 5’tattgccttacgacagttt3’ 5’caagcgtttgacattagagt3’ 
LacZ 5’atcctctagactgccatgg3’ 5’atcgtaaccgtgcatctg3’ 












































Total Volume (ml) 30 60 150 200 250 
Agarose (g) 0.39 0.78 1.95 2.6 3.25 
10X MOPS (ml) 3 6 15 20 25 
dd H2O (ml) 25.4 50.8 127 169.3 211.6 
Melt agarose, cool to 50°C, then add 
Formaldelhyde (37%) (ml) 1.6 3.2 8 10.7 13.4 
Resolution Gel (10 ml) Stacking Gel (2 ml) 
Components Concentration Components Concentration
 12% 10% 9%  4% 
30% polyacrylamide (ml) 4 3.4 3 30% polyacrylamide (ml) 0.34 
dd H2O (ml) 3.4 4 4.4 dd H2O (ml) 1.36 
1.5 M Tris (pH 8.8) (ml) 2.5 2.5 2.5 1M Tris (pH 6.8) (ml) 0.26 
10% SDS (μl ) 100 100 100 10% SDS (μl ) 20 
10% APS (μl) 100 100 100 10% APS (μl) 20 
TEMED (μl) 10 10 10 TEMED (μl) 3.5 
Gene Morpholino sequence 
def-5’UTR 5’ CCTGTTTTCTTTTCTTCATGGATAG 3’ 
def-E2I2 5’ ATGAATATAATGACTTACCAAGCGC 3’ 
rybp-E1I1 5’ GTAATCGAGTCGTTTCTATACCTGG 3’ 
rybp-I1E2 5’ TTTTGGCCTGCAAGATTTAAAGGGA 3’ 
abbpb2-E2I2 5’ CAAGAGTGGACTCGGTTACCTTTTG 3’ 
L159-E2I2 5’ AAACAATGACATGACACTTACCCTC 3’ 
L221-E10I10 5’ CCGGATCTTCTTGCTTACTTGAGAG 3’ 
L245-I4E5 5’ CTCCATCTCTTATCTACAAATAAAA 3’ 
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Table 2.6 List of constructs for WISH RNA probes 
 
Gene Vector Cutting site RNA polymerase 
sox17 pBluescipt II SK- EcoR I T7 
foxA1 pBluescipt II KS+/- EcoR I T3 
foxA3 pGEM-Teasy Nde I T7 
pdx1 pGEM-Teasy Nco I Sp6 
gata6 pT7T3 18U Sal I T7 
prox1 ? Sma I Sp6 
lfabp pBluescipt II KS+/- Sac II T3 
transferin pGEM-Teasy Nco I Sp6 
ifabp pGEM-Teasy Nco I Sp6 
insulin pGEM-T Nco I Sp6 
trypsin pBluescipt II KS+/- Sac II T3 
sufactant pBluescipt II SK+ Sac II T7 
def pGEM-Teasy Sac II Sp6 
rybp pGEM-Teasy Nco I Sp6 
appbp2/073-B11-2 pBluescipt II SK+ Not I T7 
E2 pGEM-Teasy Sac II Sp6 
L21 pGEM-Teasy Nde I T7 
L44 pGEM-Teasy Nde I T7 
L71 pGEM-Teasy Nde I T7 
L83 pGEM-Teasy Sac II Sp6 
L86 pGEM-Teasy Nco I Sp6 
L104 pGEM-Teasy Sac II Sp6 
L159 pGEM-Teasy Nde I T7 
L221 pGEM-Teasy Nde I T7 
L244 pGEM-Teasy Sal I T7 
L245 pGEM-Teasy Sal I T7 
L247 pGEM-Teasy Nde I T7 
L251 pGEM-Teasy Sac I T7 





Table 2.7 Duration of Proteinase K permeabilization for zebrafish embryo 







Chapter 3 Results 
 
3.1 Characterization of defhi429 mutant 
defhi429 mutant, originally named as hi429, was identified in a large-scale insertional 
mutagenesis screen in zebrafish (Amsterdam et al., 1999; Golling et al., 2002). Mutants 
were generated by retrovirus insertion into fish genome, a mutagenesis method different 
from the ENU mutagenesis method (Amsterdam et al., 1999). In Amsterdam et al’s 
screen, different founder fishes were mated to generate F1 families. Southern blot was 
used to check the insertion efficiency in F1 fishes and high copy insertion ones, which 
had an average of 4.8 copies of proviral insertions per fish, were selected for inter-cross 
to generate F2 families. hi429 mutant was identified from such F2 families (Amsterdam 
et al., 1999; Golling et al., 2002). Therefore, the original hi429 heterozygote fish contains 
more than one retrovirus insertion. To clean insertions other than hi429 in this line, the 
original hi429 heterozygote was out-crossed with ABtü wild-type fish three times before 
used for characterization in this study. During the out-crossing process, it was found that 
the offspring conferred inheritable mutant phenotype in a Mendelian manner, and hi429 
mutant specifically exhibited hypoplastic digestive organs. Therefore, we renames this 
mutated gene as def (digestive-organ expansion factor), and the mutant is designated as 
defhi429.  
 
3.1.1 Major digestive organs in the defhi429 mutant are severely hypoplastic 
The defhi429 insertion is a recessive and lethal mutation. However, like npo mutant (Mayer 
and Fishman, 2003), defhi429 appears normal up to 3 dpf. Figure 3.1 showed hypoplastic 
digestive organs of defhi429 mutant at 5.5 dpf. When viewed under a dissecting microscope, 
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the mutant embryos were easily distinguished from other siblings by showing a large 
unabsorbed yolk (Figure 3.1 A-D). These embryos had unexpanded swim bladder, no 
fold in the stomach wall, relative thin intestine wall, a smaller liver (Figure 3.1 A, B) and 
hardly detectable pancreas (Figure 3.1 C, D), while other structures and organs including 
head, eyes, somites, body shape and body size were relatively unaffected (Figure 3.1 A, 
B). In addition, alkaline phosphatase (AP) staining showed that the development of two 
mesoderm-derived organs, pronephric ducts (Figure 3.1 E, F) and blood vessels (Figure 
3.1 G, H), at 3 dpf appeared normal in defhi429 mutant embryos. Although the yolk in 
defhi429 mutant embryos could partially be self-absorbed after 5 dpf, these embryos will 
die after 8 dpf. These results suggest that, similar to npo mutant (Mayer and Fishman, 
2003), the defective development in the digestive organs resulted in the death of defhi429 
mutant. In addition, these data further demonstrate that the main function of def gene is 
likely limited to digestive organogenesis, not to the development of other organs. 
 
3.1.2 Detailed characterization of defhi429 mutant phenotype using molecular 
markers 
In zebrafish, endodermal organs originate from endoderm, one of three germ layers 
formed at the end of gastrulation at 10 hpf (Warga and Nusslein-Volhard, 1999). 
Endoderm layer forms a solid rod along the midline by 20 hpf after endodermal cells 
move medially (Ober et al., 2003).  Between 24 and 28 hpf, liver and pancreas start 
budding out from the intestinal rod, and the swim bladder bud can also be viewed at 34 
hpf in the gutGFP line (Field et al., 2003a; Field et al., 2003b). The endodermal rod 
develops to an endodermal tube after rearrangement of the cells within the endodermal 
rod. The endoderm cells become polarized (Horne-Badovinac et al., 2001) and 
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subsequently form a lumen by 42 hpf (Ober et al., 2003). In the following stages, organ 
buds rapidly grow due to cell differentiation and proliferation, and a functional intestine 
is formed between 60 and 72 hpf. To determine the developmental step at which def gene 
is essential in zebrafish, we characterized mutant embryos for achievement of various 
developmental milestones. 
 
3.1.2.1 Def is not essential for the early development of digestive organs 
sox17 (Kikuchi et al., 2001) was used as an endoderm maker gene during gastrulation. 
foxa1 (Odenthal and Nusslein-Volhard, 1998), foxa3 (Odenthal and Nusslein-Volhard, 
1998) and gata6 (Wallace et al., 2001) genes continue to express in the endodermal 
lineage in the early development of digestive organs. By using whole-mount in situ 
hybridization (WISH), we monitored expression of sox17, foxa1, foxa3 and gata6 genes 
at different time points in wild-type and defhi429 mutant embryos, which allowed us to 
follow the morphogenesis of endoderm-derived structures through organogenesis. As 
shown in Figure 3.2 A and B, endodermal cells stained by sox17 RNA probe were not 
discernibly different in the def hi429 mutants and wild-type embryos at 9 hpf. The quantity 
of these endodermal cells remained the same, and they displayed a similar salt-and-
pepper distribution at 9 hpf. This indicates that the endoderm is normally formed in the 
defhi429 mutant. The expression patterns of foxa1, foxa3 and gata6 (Figure 3.2 C-N) 
showed that the posterior endoderm had moved to the midline to form an endoderm rod 
in this mutant at 1 dpf, and meanwhile pharyngeal endoderm labeled by foxa1 RNA 
probe in the defhi429 mutant was the same as that in the wild-type control. At 2 dpf, like 
npo mutant (Mayer and Fishman, 2003), gut looping was completed normally in this 
mutant, and the liver and pancreas primordial was also formed normally. These results 
 89
demonstrate that there is no difference in the development of gut, liver and pancreas 
between the wild-type and def hi429 mutant embryos before 2 dpf, which therefore 
strongly suggest that def might not play a major role during the early stage of endoderm 
organogenesis.  
 
3.1.2.2 Def is essential for the intestine expansion growth but not the endoderm–
intestine transition 
Unlike the failure of gut lopping in has (heart and soul) mutant (Horne-Badovinac et al., 
2001) and nok (nagieoko) mutant (Wei and Malicki, 2002; Horne-Badovinac et al., 2003), 
WISH with foxa1, foxa3 and gata6 did not show discernible phenotypical differences in 
the gut between wild-type and def hi429 mutant embryos before 2 dpf (Figure 3.2 C-N). 
Thus, it strongly indicates that def gene is necessary for the later stage in intestine 
organogenesis. In zebrafish, the endoderm–intestine transition occurs between 60 and 72 
hpf, and it is marked morphologically, by the formation of columnar epithelium with 
highly organized brush border microvilli, and molecularly, by expression of intestine-
specific proteins such as intestine fatty acid-binding protein (Ifabp) and alkaline 
phosphatase (Mayer and Fishman, 2003). The intestine phenotype in defhi429 mutant was 
shown in Figure 3.3. At 5 dpf, cross sections of embryos stained with Hematoxylin and 
Eosin (HE) at the liver position showed that the mutant anterior intestine tube was much 
smaller, and the epithelial architecture was less organized with less microvilli formation, 
which is likely due to a greatly reduced number of epithelial cells (Figure 3.3 A, B). 
Similar phenotype was observed in the posterior intestine at the same stage (data not 
shown). In fact, this morphological intestine phenotype appeared as early as at 4 dpf (data 
not shown). This intestine morphological phenotype in defhi429 mutant was very much like 
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pie mutant (Pack et al., 1996) and npo mutant (Mayer and Fishman, 2003). However, 
unlike the npo mutant, which has no intestine-specific marker expressions, defhi429 mutant 
expressed these markers. ifabp is an intestine marker. In comparison with ifabp 
expression in wild-type embryos, its expression in defhi429 mutant was obviously reduced, 
and was only detected in the anterior intestine at 3 dpf (Figure 3.3 E, F); at 4 dpf, ifabp 
expression had not been recovered in defhi429 mutant, and still displayed similar 
phenotype as at 3 dpf (Figure 3.3 G, H). Alkaline phosphatase was also expressed in the 
mutant intestine at much lower levels when compared with the wild type at 5 dpf (Figure 
3.3 C, D). These data point out that the def mutation does not abolish cell differentiation 
but mainly affects intestine growth/expansion. Based on this suggestion, defhi429 mutant is 
much like pes mutant in which the gut growth is sudden arrested between 3 and 5 dpf 
(Allende et al., 1996), and it is much different from npo mutant in which the early gut 
cytodifferentiation is obviously affected (Mayer and Fishman, 2003).  
 
3.1.2.3 Def is required for liver expansion growth  
Compared with expression of foxa1, foxa3 and gata6 in the liver bud in wild-type 
embryos, defhi429 mutant did not display different expression patterns of these genes in the 
liver bud at 2 dpf (Figure 3.2 C-N), indicating that def gene is not necessary for liver 
budding in the liver organogenesis. The formation of the wild-type zebrafish liver bud is 
completed at 50 hpf (Field et al., 2003b) and undergoes rapid expansion with blood 
vessel invasion and bile duct formation to form the left and right two lobes between 3 and 
5 dpf (Mayer and Fishman, 2003). Although histological cross sections showed that liver 
development in this mutant was arrested as an oblong shaped bud on the left side and 
failed to form the left and right lobes at 5 dpf, intrahepatic bile ducts and blood vessels 
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were clearly visible in the mutant liver (Figure 3.4 A, B). It means that blood vessel 
invasion and bile duct formation in liver happens in defhi429 mutant after 3 dpf, but liver 
growth in mutant embryos is much slower than or arrested when compared with that in 
the wild-type embryos. prox1 is an early hepatocyte marker (Glasgow and Tomarev, 
1998). Examination of liver development using prox1 did not reveal discernible 
differences between the defhi429 mutant and wild type embryos at 2 dpf (Figure 3.4 C, D), 
suggesting that def is not essential for the initiation and budding of liver. Although the 
liver size in def hi429 mutant shown by prox1 expression was similar to that in wild-type 
embryos at 3 dpf (Figure 3.4 E, F), its expansion growth was severely retarded at 4 dpf 
(Figure 3.4 G, H).  This arrested liver growth also appeared in WISH with lfabp, a marker 
for hepatocytes (Figure 3.4 K-N). Although the liver size was much reduced in defhi429 
mutants at 4 dpf, the liver cells still migrated to the right side (Figure 3.4 I, J). The mutant 
liver clearly expressed lfabp, suggesting that the differentiation of hepatocytes is not 
blocked in the defhi429 mutant. All the above data demonstrate that the def mutation 
mainly affect the expansion growth of liver but does not alter the differentiation of 
hepatoblast to hepatocytes and bile duct cells. It is much different with liver development 
in npo mutant in which npo gene is required for the later phases of hepatogenesis (Mayer 
and Fishman, 2003). 
 
3.1.2.4 Def is required for expansion growth of the exocrine but not the endocrine 
pancreas 
The study from Field and Ober showed that the zebrafish pancreas originates from two 
anlagen, the first (posterior one) initiating at ~24 hpf which gives rise to islet and the 
second (anterior one) at ~40 hpf which contributes to exocrine pancreas. These two buds 
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merge at 52 hpf to form the morphologically identifiable pancreas (Field et al., 2003a; 
Ober et al., 2003). In both defhi429 mutant and wild-type embryos, the pancreas bud forms 
from the gut at the proper location at 2 dpf (Figure 3.2 C-N). pdx1 is an early pancreatic 
marker. As shown in Figure 3.5 K and L, examination of pdx1 expression in 2 dpf defhi429 
mutant embryos did not reveal discernible defects, suggesting that def is not essential for 
the initiation of the pancreas, such as pancreas budding. WISH using the exocrine 
pancreas-specific marker trypsin showed that the mutant pancreas did express trypsin; 
however, the exocrine pancreas marked by trypsin was significantly smaller than that in 
the wild type starting from 3 dpf (Figure 3.5 M-P). In contrast, examination of the 
expression of insulin, an endocrine pancreas-specific marker, revealed that the islet in 
mutant embryos was indistinguishable from that in wild-type embryos from 2 to 4 dpf 
(Figure 3.5 E-J), similar to the development of endocrine pancreas in npo mutant (Mayer 
and Fishman, 2003). Histological analysis (Figure 3.5 A, B) and triple in situ sectioning 
(Figure 3.5 C, D) clearly showed that the pancreatic islet in defhi429 mutant appeared 
normal at 4 dpf; however, it was surrounded only by a thin layer of exocrine cells that 
clearly expressed trypsin. Unlike no development of exocrine pancreas in npo mutant 
(Mayer and Fishman, 2003), the development of exocrine pancreas was retarded in 
defhi429 mutant. These observations suggest that def gene regulates the expansion growth 
of exocrine pancreas rather than the process of cell differentiation in pancreas 
organogenesis. 
 
3.1.2.5 Def is also required for the growth of other endoderm organs 
In zebrafish, there are seven pairs of branchial arches along the mouth that are derived 
from the endoderm (Neuhauss et al., 1996). At 5dpf, the head of the defhi429 mutant was 
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observed with no major differences from that in the wild-type embryo (Figure 3.1 A-D); 
however, branchial arches showed evidence of abnormality in this mutant stained with 
Alcin Blue. As shown in Figure 3.6 C-F, branchial arches 2–7 in the defhi429 mutant were 
reduced in size and the cartilage had an irregular shape compared to those in wild-type 
embryos at 4 and 5 dpf. Histological examination of the branchial arch development 
revealed that as early as 3 dpf the development of branchial arches in this mutant 
appeared discernibly retarded (Figure 3.6 A, B). Above results demonstrates that def gene 
is required for branchial arch development during embryogenesis. 
Field’s study showed that swim bladder bud appears at 34 hpf and forms a lining tube at 
52 hpf (Field et al., 2003b). Histological cross sectioning showed that the swim bladder 
was normally formed in this mutant at 3 dpf (Figure 3.7 A, B). However, in comparison 
with the development of the swim bladder in the wild-type control, it was arrested in the 
defhi429 mutant at 5 dpf. This was revealed by the lack of inflation in the swim bladder in 
the defhi429 mutant (Figure 3.7 C, D). Meanwhile, no expression of surfactant (a swim 
bladder marker) appeared in the mutant embryos (Figure 3.7 E, F). These data indicate 
that the swim bladder development requires the function of def gene.  
The gall bladder, similar to the swim bladder, is an endoderm-derived organ. Histological 
analysis revealed that the gall bladder in the defhi429 mutant was of no discernible 
difference to that in the wild-type embryo at 3 dpf (Figure 3.7 A, B); however, the gall 
bladder in the defhi429 mutant was much smaller than that in the wild-type control at 5 dpf, 
(Figure3.7 C, D).  The small gall bladder phenotype was also confirmed by phenol red 
injection into the mutant intestine at 5 dpf (Figure 3.7 G, H). This suggeststhat def gene is 




There are four steps in endoderm organogenesis in zebrafish, including endoderm 
formation, gut tube formation, endodermal organ budding, organ expansion and 
cytodifferentiation (Field et al., 2003a; Field et al., 2003b; Ober et al., 2003). 
Examination of major endoderm organs including intestine, pancreas, and liver in the 
defhi429 mutant using early endoderm markers, such as sox17, foxa1, foxa3 and gata6, 
showed that endoderm organogenesis appeared normal till 2 dpf, suggesting that def may 
not be involved in or may not play a major role for the initiation and budding of digestive 
organs. However, examination of organ-specific molecular markers and histological 
analysis revealed that hypoplastic phenotype of defhi429 mutant started from 3 dpf, 
including an underdeveloped gut tube and a smaller liver, gall bladder, pancreas, and 
swim bladder, whereas mesoderm-derived organs including somites, blood vessels, and 
pronephric ducts appeared normal. The underdevelopment of the entire digestive system 
in the defhi429 mutant could result from the arrest of cell differentiation as found for the 
npo mutant (Mayer and Fishman, 2003). If this is the case, digestive organs are probably 
mainly composed of progenitor cells. Although at a much lower level when compared 
with the wild-type control, molecular markers specific to fully differentiated intestinal 
epithelial cells (ifabp and alkaline phosphatase), hepatocytes (prox1 and lfabp), and 
exocrine pancreas (trypsin) were expressed in mutant embryos, demonstrating that cell 




3.2 def gene 
 
3.2.1 5’ RACE and 3’ RACE of def gene 
The defhi429 mutant was found to have the viral vector insertion in a novel gene 
DJ434O14.5 (def gene) (Golling et al., 2002). However, northern blot result showed that 
the def transcripts showed two isoforms. To identify the full length of these two isoforms, 
both 5’-RACE and 3’-RACE experiments was performed using total RNA isolated from 
3 dpf wild-type embryos as the template. 5’-RACE yielded only one product. Sequence 
analysis of this product suggested that the putative transcription of def gene started from 
71 bp upstream of the ATG translation initiation codon. However, two products were 
obtained in the 3’-RACE assay. Sequence analysis revealed that the short product 
contains a 166-bp 3’-UTR without a conserved polyadenylation signal motif (AATAAA) 
which matches the sequence of DJ434O14.5; the long product has a 397-bp 3’-UTR, and 
is 231 bps longer than the short one at the end of the 3’-UTR with a conserved 
polyadenylation signal motif (AATAAA) (Figure 3.8). Therefore, through 5’-RACE and 
3’-RACE, a new isoform of def gene was identified. These two isoforms of def gene 
share 5’-UTR, the entire coding region and partial 3’-UTR, and the long isoform had 
about 231-bp more than the short isoform at the end of the 3’-UTR. 
 
3.2.2 Cloning and sequence analysis of def gene 
To get the full-length coding region of the def gene, the primers derived from the def 5’-
UTR and 3’-UTR were designed and used in RT-PCR using total RNA extracted from 12 
hpf wild-type embryos. Products from three independent RT-PCR were separately cloned 
into pGEM-Teasy vector, and in total, 12 clones were picked out. Sequence analysis of 
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these clones showed that only 1 out of these 12 clones contained def cDNA with no 
change in the nucleotide sequence, which was named as the perfect clone. 
Sequence analysis also revealed that this perfect def cDNA was 2460-bp in length and 
contained a single open reading frame (ORF) of 2259-bp which encodes for a protein 
with 753 amino acid residues. The cDNA possessed a 64-bp 5’-UTR and a 137-bp 
3’UTR. Hydropathy analysis of Def protein showed that more hydrophobic amino acids 
were distributed in the N-terminal region of this protein. Amino acid sequence alignment 
analysis of Def (gi37046654) and its homologs/orthologs in human (gi7657019), mouse 
(gi20340985), Drosophila (gi20130323), C. elegans (gi17555844), and yeast 
(gi19076047) showed that Def protein was highly conserved in human, mouse, fly, worm 
and yeast, especially in the middle and C-terminal regions (Figure 3.9 B). Def protein had 
a closer evolution relationship with homologues of human and mouse showed by the 
protein phylogenetic tree (Figure 3.9 C). This is not surprising because human and mouse 
counterparts contained over 50% identity with Def protein. Unfortunately, except a 
predicted bipartite nuclear localization signal (NLS_BP) located in the zebrafish Def 
protein (Figure 3.9 B), no other conserved motifs or domains were functionally identified 
in these proteins. Therefore, my project about the study of def gene will provide new 
information to homologous studies in human and mouse.  
 
3.2.3 def genomic DNA 
To investigate whether the def gene had other redundant copies in the Zebrafish genome, 
southern blotting was performed. DNA isolated from adult fish was digested with 
restriction enzyme BamH Ι, Bgl ΙΙ, EcoR Ι or Hind ΙΙΙ. One DIG-labeled def DNA probe 
(358 bp) was synthesized, which corresponds to the def 3’-coding region (219 bp) and 
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adjacent 3’-UTR region (139 bp). The southern blot result showed that only one band 
was detected by this DIG-labeled 3’-region DNA probe in each enzyme-digested genome 
DNA, indicating that def gene has only one copy in zebrafish genome. The blast data of 
def cDNA in Ensembl Zebrafish genome also confirmed this result. Meanwhile, the blast 
result demonstrated that def gene is found on chromosome 19. Further sequence analysis 
revealed that the length of def genomic DNA is about 13 Kb, and def gene contains 13 
extrons separated by 12 introns (Figure 3.9 A).  
 
3.2.4 Examination of def expression during embryo development 
 
3.2.4.1 def expression during embryogenesis 
Because of the low expression level of def gene during embryogenesis, mRNA isolated 
from 500 μg total RNA from wild-type embryos at different stages was used for the 
northern blot. RNA gel blot hybridization revealed that def gene is a maternal gene, 
partially explaining why defhi429 mutant embryos displayed the defective phenotype in the 
later embryonic stage; def two isoforms were expressed at comparable levels in 
unfertilized eggs and during the early stage of embryogenesis (from 12 hpf to 5 dpf); 
however, in the adult liver, def short isoform was more abundant, indicating that the 
longer isoform of def gene probably has more functions in the embryonic stage; these two 
isoforms were disappeared in 5 dpf defhi429 mutant embryos, strongly indicating that the 
hypoplastic phenotype of digestive organs in defhi429 mutant is caused by the inactivation 
of def gene (Figure 3.10 A). When using total RNA isolated from 5 dpf defhi429 mutant 
embryos as the template, no def RT-PCR product was amplified using one pair of def 
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primers specific for both def isoforms (Figure 3.10 B), strongly suggesting that the 
defhi429 mutant is likely a null allele. 
 
3.2.4.2 def is enriched in the digestive organs  
DIG-labeled def full-length antisense RNA probe was synthesized using the def perfect 
clone as the template, and high concentration of def RNA probe (2.5 μg/ml) was used to 
perform WISH in zebrafish wild-type embryos at various stages. At 1 dpf, the signal 
appeared throughout whole embryo but stronger in the head. At 2 dpf def expression 
became enriched in the liver bud, intestine and exocrine pancreas in embryos and 
decreased in the other parts of embryo. From 3 dpf to 4 dpf, this enriched signal was 
detected in the pharynx, liver, intestine and exocrine pancreas, but not in the endocrine 
pancreas (Figure 3.10 C). Therefore, the fact that def expression was enriched in the 
endoderm organs in the later stage (more than 2 dpf) could explain why defhi429 mutant 
was defective in the above digestive organs only from 3 dpf onwards.  
 
3.2.5 Discussion 
5’ RACE and 3’ RACE assays identified a new longer isoform of def gene, which seemed 
to play a possible role during embryogenesis. WISH showed that def expression was 
enriched in the entire digestive ducts and organs including pharynx, exocrine pancreas, 
liver, and intestine, but excluding the islet. def expression pattern perfectly matched the 
phenotype displayed by the defhi429 mutant, so it can partially explains the normal 
development of endocrine pancreas in the mutant. Combined with the absence of def 
expression in this mutant, the evidence provided strongly suggests that Def functions as a 
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cell-autonomous factor to regulate the expansion growth of various digestive organs 
except the endocrine pancreas at the later stage of endoderm organogenesis. 
 
3.3 The retroviral insertion causes the defhi429 mutant phenotype  
 
3.3.1 The retroviral insertion in the def gene is closely linked to the defhi429 mutant 
phenotype 
Although initial reports indicated that the defhi429 mutant contained more than one 
retroviral insertion, this mutant phenotype was found to co-segregate with the insertion in 
the def gene (Amsterdam et al., 1999; Golling et al., 2002). As reported, def gene has a 
retroviral insertion in intron II between extron II and extron III. To confirm the linkage 
between def mutation and mutant phenotype, two pairs of primers, the LacZ primer pair 
and def primer pair, were designed for genotyping during out-crossing with wild-type fish 
(Figure 3.9 A). The LacZ primers are derived from the LacZ gene in the retroviral vector, 
and the def primer pair produces a product spanning the retroviral vector insertion point. 
Therefore, for defhi429 mutant embryos, only the DNA band produced by the LacZ primer 
pair will be detected; no band will be detected with the def primer pair because the 
retroviral vector inserted between these two def specific primers is too long to be 
amplified by the PCR condition used for genotyping. For defhi429 heterozygous fish or 
embryos, both the LacZ primer pair and def primer pair will produce bands. For wild-type 
fish or embryos, only the DNA band produced by the def primer pair will be detected 
(Figure 3.9 A). 
 During purification of the genetic background of the defhi429 heterozygote line, the 
progenies were found to confer inheritable mutant phenotype in a Mendelian manner. In 
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total, 588 progeny embryos from five pairs of defhi429 heterozygous were examined by 
WISH (lfabp as the probe) followed by genotyping using above primers. Only individuals 
homozygous for the viral insertion displayed the mutant phenotype (157 embryos). This 
result suggests that the defhi429 mutant phenotype is closely linked to the viral vector 
insertion in def gene.  
 
3.3.2 Complementation Test  
In section 3.2.4.1, I showed that both RT-PCR (Figure 3.10 B) and RNA gel blot (Figure 
3.10 A) analysis failed to detect the def transcripts in the defhi429 mutant. These data 
strongly suggested that the defhi429 mutant is likely a null allele. To unequivocally prove 
that this mutant phenotype is caused by the viral vector insertion in the def gene, 
complementation test was performed. Three mRNAs including the full-length def mRNA 
and two negative controls, defstop and gfp mRNA, were in vitro synthesized and used in 
the mutant rescue experiments. The defstop mRNA was a mutant form of the def gene with 
a G-T substitution converting GAA (Glu55) to TAA (a stop codon). 1 ng capped def 
mRNA, mutant defstop mRNA, and gfp mRNA were injected into the yolk of 1-cell-stage 
embryos, respectively. Injected embryos were collected at 3 dpf and 4 dpf to check for 
digestive organ development.  
 
3.3.2.1 def mRNA rescued the defhi429 mutant intestine 
The intestine development in the injected mutant embryos was examined using an 
intestine marker, ifabp. WISH results showed that, at 3 dpf, 84% (51/61) of mutants 
injected with the def mRNA have restored ifabp expression including complete (69%; 
42/61) and partial rescue (15%; 9/61) (Figure 3.11 A). On the other hand, no rescue 
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occurred in 41 defstop mRNA or in 36 gfp mRNA injected mutants. Therefore, the mutant 
intestine could be rescued by the def mRNA. 
 
3.3.2.2 def mRNA restored the defhi429 mutant liver to normal 
The liver development was analyzed in injected mutants by examining the transferrin 
expression (a liver specific marker). After def mRNA injection, 58% (36/62) of the 
mutants injected with def mRNA display a rescued liver at 4 dpf, as revealed by 
transferrin expression. The expression of transferrin in 37% (23/62) of the injected 
mutants could be fully restored, and 21% (13/62) of the mutants had partially rescued 
liver phenotype (Figure 3.11 B). Meanwhile, no mutant was found to be rescued by defstop 
or gfp mRNA (50 defstop mRNA and 46 gfp mRNA injected mutants embryos examined, 
respectively). Therefore, the mutant liver could be rescued by the def mRNA. 
 
3.3.2.3 Exocrine pancreas in the defhi429 mutant could be rescued by the def mRNA  
The exocrine pancreas development in injected embryos was analyzed by WISH with 
trypsin (an exocrine pancreas marker). At 4 dpf, 62% (28/45) of the injected mutants with 
def mRNA developed a wild-type-like exocrine pancreas, and 24.4% (11/45) showed a 
partially rescued exocrine pancreas (Figure 3.11 C). The defstop and gfp mRNA injection 
could not restore the mutant phenotype (47 defstop mRNA and 53 gfp mRNA injected 
mutant embryos examined, respectively). These results showed that the development of 
mutant exocrine pancreas could also be rescued by the def mRNA. 
Above data showed that the three digestive organs, intestine, liver and exocrine pancreas, 
in defhi429 mutant could be rescued by the def mRNA. Therefore, it can be concluded that 
the retroviral insertion in the def gene causes the defhi429 mutant phenotype.  
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3.3.3 defhi429 mutant phenotype is mimicked in wild-type embryos by def splicing 
morpholino injection 
The def E2I2 morholino was designed to block the splicing of def mRNA in the site 
between exon 2 and intron 2 during def gene transcription. As shown in Figure 3.12 A, 
the RT-PCR product of def gene in morphants had a smaller size than that in wild type. 
After sequencing this RT-PCR product, we found that it had a 40-nucleotide deletion, 
which corresponded to the entire exon 2. This 40-nucleotide deletion that contains the 
entire exon 2 of the def coding region causes a frame-shift in the def transcript with a 
premature stop codon (Figure 3.12 B).  
def E2I2 morholino did not affect the morphological development in wild-type embryos 
till 3 dpf. I used the intestinal marker ifabp, liver marker lfabp and exocrine pancreas 
marker trypsin, to examine the later development of these digestive organs in the 
morphants. At 3 dpf, 70.4% of the morphants (19/27) displayed no ifabp expression 
except in the anterior intestine; at 4 dpf, 74.5% of the morphants (35/47) showed very 
small liver (lfabp); and 89.3% (50/56) exhibited slim & short exocrine pancreas (trypsin) 
(Figure 3.12 C-E), a phenotype mimicking that in the defhi429 mutant. This data confirms 
that the hypoplastic digestive organs in defhi429 mutant are caused by the retroviral 
insertion in the def gene.  
 
3.3.4 Discussion 
Amsterdam et al reported that those recessive mutants screened from a large-scale 
retroviral insertion mutagenesis, including defhi429 mutant, contained more than one 
retroviral vector insertions (Amsterdam et al., 1999; Golling et al., 2002). During the 
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purification of the genetic background of this defhi429 hetrozygote line, we found the 
hypoplastic phenotype in digestive organs was co-segregated with the insertion in the def 
gene, consistent with the initial study in this mutant that def gene, the candidate gene, was 
responsible for endoderm organogenesis (Golling et al., 2002). Injection of def mRNA 
into the defhi429 mutant could rescue the intestine, liver and exocrine pancreas 
development at a high efficiency, as revealed by WISH with organ specific markers, 
ifabp, transferrin and trypsin. Moreover, the development of these organs in the wild-
type embryos could be blocked in the later stage at a high efficiency by the def E2I2 
morpholino. The results of def E2I2 strongly support the conclusion that Def is not 
functional in the early stages, but it can not exclude the possibility that certain levels of 
Def protein, which can not be eliminated by def E2I2, may be responsible for the normal 
development in defhi429 mutants at early stages, beacsue def gene is a maternal gene. 
Combining all the above, it demonstrates that loss-of function of the def gene results in 
the defective development of digestive organs in defhi429 mutant.  
 
3.4 Def protein 
 
3.4.1 Generation of Def antibody 
 
3.4.1.1 Preparation of Def truncated proteins  
Because Def is a novel protein without any known functional domains or motifs, it is 
necessary to generate Def specific antibody for its mechanism study. However, E. coli 
cells could not express def full-length gene cloned into pQE30, pQE-Ub, or pGEX-KG. 
According to the predicted secondary structure and antigenicity of Def, two Def truncated 
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fragments, S1 and S2, were separately expressed in the prokaryocyte expression system 
using pQE-Ub and pQE30.  
S1 truncated peptide contains 147 amino acids (from 32nd to 178th amino acid) in the N-
terminal region and is predicated to be highly hydrophilic, indicating that it is possibly 
soluble peptide. As shown in Figure 3.13 A, S1 fused with 6XHis-Ubiqutin was 
successfully expressed in M15 cells. This 32 KD fusion protein was soluble because it 
was detected in the supernatant of the induced cell lysate; and purified S1 peptide (23 KD) 
could be obtained by removal of 6XHis-Ubiqutin from fusion protein by thrombin. S1 
protein solution was concentrated and used as an antigen to inject into rabbits for the 
antibody generation.  
S2 fragment contains 304 amino acids (from 396th to 699th amino acid) in the middle 
and C-terminal conserved region and is more hydrophobic than S1 peptide, suggesting 
that it is maybe insoluble peptide. Although S2 peptide was successfully expressed in 
different prokaryocyte expression systems (pQE30, pQE-Ub, and pGEX-KG), it always 
appeared insoluble. These results confirmed the previous prediction. The insoluble 
portion containing 6XHis-S2 protein was separated from the induced cell lysate, followed 
by isolation of the inclusion bodies containing 6XHis-S2 protein using the sucrose 
density gradients. Finally, 6XHis-S2 protein was purified from these inclusion bodies 
using SDS-PAGE gel electrophoresis (Figure 3.13 B), and used as antigen to immunize 
rabbits.   
 
3.4.1.2 Def antibodies  
After primary immunization and following boost weekly for a few times in rabbits with 
S1 or S2 protein separately, the serums were bled to test if the specific antibodies were 
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generated. However, even after the fifth boost with purified 6XHis-S2 protein, the 
specificity of anti-S2 antibody was still not desirable revealed by western blot and its titer 
was very low. On the contrary, anti-S1 antibody conferred high specificity and titer just 
after the second boost with the S1 antigen. This outcome is consistent with the previous 
prediction that Def truncated protein S1 has better antigenicity than the S2.  
The anti-S1 antibody was tested using Def truncated protein S1 expressed in E. coli cells. 
However, its specificity was not examined against the full-length Def protein. Since this 
full-length protein could not be expressed in E. coli cells, and the def expression level 
was very low during embryogenesis, we over-expressed the Def protein in Zebrafish and 
then extracted the protein for assaying the anti-S1 antibody. This antibody detected a 
strong band about 130 KD in 8-9 hpf embryos injected with pXEX-EGFP-def which 
encoded a GFP-Def fusion protein, while anti-GFP monoclonal antibody also detected a 
band at the same position (Figure 3.13 C-E). To utilize this antibody for further studies, 
such as the Co-IP assay, anti-S1 polyclonal antibody was purified from the rabbit serum 
by the pure S1 protein attached on the membrane. Finally, the immunostaining assay was 
used to confirm the specificity of the purified anti-S1 antibody. 
 
3.4.2 Def is a nuclear localized protein 
The def gene is a novel gene and encodes for a protein with 753 amino acids. However, 
neither the conserved motif nor domain in Def protein was studied except a predicted 
NLS_BP in the N-terminal region. During the rescue experiment using def cDNA, we 
found that the green fluorescence of GFP-Def fusion protein was only detected in the 
nucleus of embryonic cells injected with pEGFP-def at 8-9 hpf, showed by Topro-3, 
whilst GFP protein itself could be detected not only in the nucleus but also in the 
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cytoplasm, suggesting that Def is a nuclear localized protein (Figure 3.14 A-F). To 
further confirm this conclusion, we performed Immunostaining using this anti-S1 
antibody coupled with DAPI staining. The result clearly showed that Def protein is a 
nuclear localized protein (Figure 3.14 G-I). 
 
3.4.3 Discussion 
Although def full-length gene could not be expressed in prokaryocyte expression systems, 
Def truncated proteins S1 and S2 were successfully expressed in E coli cells and purified 
as specific antigens to immunize rabbits to generate antibodies. Western blot results 
showed that anti-S1 polyclonal antibody had better specificity than the anti-S2 antibody; 
furthermore, this anti -S1 antibody could detect the fusion protein GFP-Def in def over-
expressed embryos. These data imply that this Def specific antibody may be a good 
material for the study of Def function. In addition, the immunostaining experiment using 
this purified antibody revealed that Def is a nuclear localized protein. Together with the 
expression pattern of def gene, this new finding indicates that Def may play an important 
role at transcriptional level in endodermal organogenesis during embryogenesis in 
zebrafish.  
In the above sections, the def gene and phenotype of defhi429 mutant were discussed. 
However, the functions of def gene in endoderm organogenesis are not clear. To 
investigate the mechanism of def gene in the digestive organ development, we design our 
experiment in two directions: global gene expression profiling by microarry to identify 






3.5.1 Up-regulation of p53, mdm2 and cyclin G1 in the defhi429 mutant  
Microarray has been proved to be a powerful tool to study the coordinate actions of gene 
expression, and to identify those functional unknown genes that might be important for 
controlling embryogenesis and organogenesis in many organisms including Drosophila 
and zebrafish (Cho et al., 1998; Furlong et al., 2001; McDonald and Rosbash, 2001; 
Cheng et al., 2006). Using microarray to compare the global gene expression profiles 
between the defhi429 mutant and wild-type control will provide us an opportunity to 
further understand the functions of def gene during endoderm organogenesis.  
The Affymetrix zebrafish GeneChip is an oligo chip and carrys 14,900 zebrafish unique 
EST clusters. The advantage of using the chip is that a relatively small amount of total 
RNA sample (only 10 μg of total RNA per chip) is needed to produce high quality probes 
for obtaining repeatable results. After three repeats of chip hybridization, we compared 
the gene expression patterns between the defhi429 mutant and wild-type control, and found 
that 141 genes were down-regulated and 23 genes were specifically up-regulated in the 
defhi429 mutant (Chen et al., 2005). Extensive database search revealed that 122 of these 
down-regulated genes each can be assigned a biochemical function and the majority of 
them are well known for their relative specific expression in digestive organs. 
Surprisingly, the tumor-suppressor gene p53 and its response genes mdm2 and cyclin G1 
are among those 23 up-regulated genes (Chen et al., 2005). Northern blot hybridization 
was performed to study these 3 up-regulated genes in the defhi429 mutant and wild-type 
control (Figure 3.15). The tumor-suppressor gene p53 and its response genes mdm2 and 
cyclin G1 were all maternal genes evident by detection of their transcripts in unfertilized 
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embryos. During embryogenesis, transcripts of p53 and mdm2 were detected at a high 
level at 1 dpf, and then decreased gradually to a lower level at 5 dpf, while cyclin G1 was 
gradually expressed to a peak at 2 dpf, following by a reduction to a slightly lower level 
at 5 dpf. The expressions of p53 gene and its response genes mdm2 and cyclin G1 in the 5 
dpf defhi429 mutant were highly elevated compared to their expression in the wild type 
control, indicating that the elevated expression of these genes are possibly responsible for 
the defective phenotype in the defhi429 mutant.   
 
3.5.2 Discussion 
Microarray is a useful method to study the changes of expression of downstream genes in 
response to the alteration of a specific gene expression in the genetic network. After 
comparing the gene expression profiles in the defhi429 mutant with that in the wild-type 
control using the Affymetrix zebrafish GeneChip, useful information was obtained (Chen 
et al., 2005). Especially, analysis of microarray data revealed that p53, mdm2 and cyclin 
G1 were up-regulated in this defhi429 mutant, and this observation was further confirmed 
by Northern blot hybridization. Sequencing analysis of 5’-RACE products amplified by a 
primer derived from p53 exon 6 identified a new short form of the p53 gene, named as 
∆113p53 (Chen et al., 2005). ∆113p53 contains 155 bp of intron 4 immediately adjacent 
to exon 5 and exons 5-12 of wild type p53, suggesting that it may be initiated by an 
alternative internal promoter in intron 4 (Chen et al., 2005). Further studies of Chen et al 
showed that the increased ∆113p53 expression was limited in the mutant digestive organs, 
and selectively induced the expression of p53-responsive genes to trigger the arrest of the 
cell division that in turn results in compromised organ growth in the defhi429 mutant (Chen 
et al., 2005). Although the study of Chen et al indicated that the hypoplastic phenotype in 
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the defhi429 mutant was due to the arrest of cell division, more studied are needed to 
understand the functions of def gene in regulating the cell proliferation of digestive 
organs through the function of ∆113p53. 
 
3.6 Yeast two-hybrid to identify protein interacting with Def 
 
3.6.1 Yeast two-hybrid assay  
To study the mechanism of Def function in endodermal organogenesis, the yeast two-
hybrid assay was taken as an approach to identify interacting proteins of Def. As reported, 
yeast two-hybrid assay can be used to identify novel protein interaction, confirm 
suspected interactions, and define interacting domains. Moreover, yeast tow-hybrid 
technology provides immediate access to the genes encoding the interacting protein. In 
MATCHMAKER Systems, a bait gene is expressed fused to the GAL4 DNA-binding 
domain (DNA-BD), while another gene or cDNA is expressed fused to the GAL4 
activation domain (AD) (Fields and Song, 1989; Chien et al., 1991). When this bait and 
library fusion proteins interact, the GAL4 DNA-BD and AD are brought into proximity, 
thus activating transcription of four reporter genes, HIS3, ADE2, LacZ and MEL1 (Figure 
3.16 A). In the following sections, yeast two-hybrid assay using Def as a bait protein is 
described; and genes encoding the interacting proteins from the screening are 
preliminarily analyzed.   
 
3.6.1.1 Construction of a cDNA expression library and def-baits for yeast two-
hybrid assay 
To perform the yeast two-hybrid assay, it is necessary to construct a cDNA expression 
library in GAL4 AD vector and the bait in GAL4 DNA-BD vector (Figure 3.16 A). To 
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generate the cDNA expression library, total RNA extracted from embryos at 18 hpf, 28 
hpf, 48 hpf or 4 dpf was equally pooled to synthesize cDNA (150 μg for each stage), and 
then these cDNA were cloned into GAL4 AD vector. To construct the def-baits, three 
different cDNA fragments of def gene were cloned in-frame at the 3’ end of the MYC tag 
in the GAL4 DNA-BD vector. Two of them were partial cDNA coding the N-terminus 
(1st-178th amino acid) (GAL4 DNA-BD/N-Def) and C-terminus (396th-699th amino 
acid) (GAL4 DNA-BD/C-Def) of Def protein, respectively; and the third one was full-
length def cDNA (1st-753d amino acid) (GAL4 DNA-BD/Def). These constructs were 
transformed into yeast cell AH109 separately, and Western-Blot showed that three 
different Def-Myc fusion proteins with a size of 50 kD, 64 kD and 110 kD, respectively, 
were detected in the protein extracts by an anit-MYC antibody.  The sizes of these fusion 
proteins are in line with the prediction, demonstrating that these three Def proteins are 
successfully expressed in AH109, therefore, all of them can be used as a bait to perform 
yeast two-hybrid assay. The early results of this study showed that the full-length def 
gene could not be expressed in prokaryotic cells (E. coli cells) (Shown in 3.4.2.1 
Preparation of Def truncated proteins); however, the full-length Def protein was 
successfully expressed in yeast cells shown here. One possible explanation is that 
eukaryotic cells are more suitable for the expression of big proteins. Or Def is degradable 
by a bacteria proteinase that is not present in the yeast. 
The growth of transformants containing GAL4 DNA-BD-Def, -N-Def, or –C-Def 
constructs in liquid culture was only slightly slower than yeast cells transformed with an 
empty DNA-BD vector, suggesting that these three Def proteins are almost harmless for 
the host yeast cell. Since all three GAL4 DNA-BD bait constructs could be expressed in 
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AH109 without toxicity to host cell, these constructs are suitable for yeast two-hybrid 
assay. Because only GAL4 DNA-BD-Def (full length Def) contains all domains of the 
protein, GAL4 DNA-BD-Def construct is used in the following yeast two-hybrid assay.  
 
3.6.1.2 Identification of proteins interacting with Def via yeast two-hybrid screen 
GAL4 DNA-BD-Def was used as a bait to screen for its interacting proteins from the 
above cDNA expression library in GAL4 AD vector. Firstly, a total of 500 μg of library 
plasmids were transformed into competent yeast cells previously transformed with GAL4 
DNA-BD-Def construct. A small fraction of transformed cells was diluted, and the 
diluted transformed cells were spread on the -Trp/-His medium plate to determine the 
transformation efficiency, while other transformed cells were spread on the -Trp/-Leu/-
His/-Ade medium plates. Three days post-transformation, 3364 clones were found to 
grow on the 1:100 dilution on the -Trp/-His plate, indicating that the transformation 
efficiency (3.3 X 106 cfu/ml) is high enough for yeast two-hybrid screen to get most of 
the protein that could interact with Def in the library. After post-transformation, 495 
positive clones grew on the -Trp/-Leu/-His/-Ade medium plates. It indicates that proteins 
encoded by the corresponding cDNA inserts in these 495 clones are potential candidates, 
which can interact with Def. 
Next, these 495 clones were inoculated on the α-Gal plates for a blue/white selection. 
Except for 100 clones displaying no color change, 395 clones were found to turn blue. 
Interestingly, in these 395 clones, 228 candidates were found to turn blue faster than the 
others. It is possible to speculate that these 228 candidates have strong protein-protein 
interactions with Def according to the strong expression of Mel1 reporter gene, and the 
other 167 candidates have weaker interactions. Another possible explanation for these 
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blue clones is that some candidates may directly activate transcription of the reporter 
genes. Thus, candidates in these clones are false candidates because the activation of 
reporter genes is not caused by the interaction of library protein and Def.   
In order to exclude those false candidates, co-transformations of the candidate plasmids 
with the bait construct or with the empty DNA-BD plasmid were performed, respectively. 
In this third round of selection, when co-transformed with the bait construct, 53 out of 
228 metioned candidates positive for blue/white selection were found to grow on the -
Trp/-Leu/-His/-Ade medium plates, while the other 175 transfomants grew on the plates 
independent of the co-transformations of the bait construct, indicating that these 53 
candidates have interactions with Def while the other 175 candidates are negative due to 
auto-activating the reporter genes. 
Finally, to exclude other unknown factors, which could cause false results in the 
experiment, a third round selection was repeated in these 53 candidates. We found that, 
except for 3 candidates representing L221 gene, 50 candidates were confirmed to be true 
positive clones (Figure 3.16 B). Though L221 had not been confirmed to have genuine 
interaction with Def protein in the repeated screening, it was still taken as a candidate for 
further studies. Sequencing analysis of these 53 candidates showed that they represented 
16 genes (Table 3.1). In these 16 candidate genes, three genes were known, Ring1 and 
YY1 Binding Protein (rybp), amyloid beta precursor (cytoplastic tail) binding protein 2 
(appbp2) and branched-chain alpha-keto acid lipomide acyltransferase (E2), other 13 
genes were novel. Previous studies showed that not only RYBP, a Zinc finger protein, but 
APPBP2, a nuclear-localized protein, was also involved in the regulation of gene 
transcription (Emiliano et al 1999, Schlisio et al 2002; Zhang et al. 2004, Hsu et al. 2007), 
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indicating that its interacting protein Def may have similar function in controlling the 
gene expression. Among 13 novel genes, 7 of these translated proteins contain predicted 
DNA binding motifs, such as Zinc finger domain (in L244, L251 and L255), DNA 
replication-related element (DRE, in L83), chromotin binding domain (in L86) and SAP 
(a DNA binding motif, in L159 and L221). Combined with the fact that Def is a nuclear 
localized protein (shown in 3.4.1 Def is a nuclear localized protein), it is hypothesized 
that def gene might play an important role in controlling the expression of special genes 
in digestive organs during embryogenesis.  
 
3.6.2 Preliminary analysis of genes obtained from yeast two-hybrid screen by WISH 
Most of these 16 genes are novel, and little information could be obtained from 
Genebank database regarding these genes. Therefore, to investigate their biological 
functions, WISH was performed to examine their expression patterns during 
embryogenesis. As shown in Figure 3.17, L104 gene had no expression in endoderm 
organs, while the other 15 genes displayed enriched expression in different digestive 
organs from 1 to 4 dpf. These 15 genes were then divided into four groups according to 
their expression patterns: 1) three genes rybp (Figure 3.19 B), L71 and L255  were only 
enriched in the intestine after 3 dpf; 2) appbp2 (Figure 3.20 A), L44, L83, L247 and L251 
were expressed in the intestine and swim bladder during embryogenesis; 3) L86 and L221 
(Figure 3.22 A) were enriched in the liver, intestine and swim bladder at different stages; 
and 4) E2, L21, L159 (Figure 3.21 A), L244 and L245 (Figure 3.23 A), were expressed in 
the liver, pancreas, intestine and swim bladder during endoderm organogenesis. Because 
Def protein is a nuclear localized and not a secreted protein, def expression pattern 
revealed by WISH may indirectly represent the distribution of Def protein, which were 
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also enriched in the digestive organs. Therefore, it is not surprising that the expression 
patterns of the 15 genes, which encoded proteins can interact with Def, resembles the def 
expression by showing enrichment in the endoderm organs during embryogenesis.  
 
3.6.3 Discussion 
The full-length Def protein was successfully expressed in the yeast host cells, AH109, 
without obvious toxicity. Using this bait construct, based on the protein-protein 
interaction, 53 candidates, representing 16 gene clusters, were obtained in yeast two-
hybrid screen. Sequencing analysis revealed that only three genes were known and others 
were novel. Since def gene plays an important role in the endoderm organogenesis, these 
proteins may function in the development of the digestive organs as well. The results of 
WISH of these genes showed that all, except one gene, displayed partial or whole 
territory of def expression in digestive organs. On the other hand, sequencing analysis 
revealed that 8 out of these 15 genes contained different DNA binding domains. Given 
that Def is a nuclear localized protein, it strongly indicates that Def protein exerts its 
function, as a digestive-organ expansion factor, possibly by interacting with those 
proteins mentioned above. Moreover, 15 out of 16 genes identified by the yeast two-
hybrid screen are enriched in the intestine, also suggesting that the yeast two-hybrid assay 
is a successful method for the identification of proteins involved in the network of def 
gene during embryogenesis. However, further studies of these proteins are needed for 




3.7 Functional studies of five Def interacting proteins, Rybp, Appbp2, L159, L221 
and L245  
The hypoplastic phenotype of digestive organs in the defhi429 mutant suggests that def 
gene plays an important role at the late stage of endoderm organogenesis. The results 
from the microarray assay indicate that the def gene negatively regulates the short form of 
p53 gene by arresting the cell division in digestive organs during embryogenesis (Chen et 
al., 2005). As shown in numerous reports, a gene normally cooperates with other genes to 
form a genetic network to play its role in the organism. Since 16 candidates were 
identified to interact with Def by yeast two-hybrid screen, they may provide us as an 
entry point to study def’s biological functions. In this chapter, I will describe 5 candidates, 
which were chosen for functional analysis to understand the possible mechanisms of Def 
function.  
 
3.7.1 rybp gene 
During development, signaling pathways and transcription factors governs the patterns of 
gene expression temporally and spatially in harmony to control cellular processes 
including proliferation, differentiation, apoptosis, and migration. RING1 and YY1 
binding protein (RYBP, also called DEDAF and YEAF1) (Garcia et al., 1999; Zheng et 
al., 2001; Sawa et al., 2002), a Zn finger protein, has been found to be related to the 
above processes by its physical and functional interactions with different types of 
relevant proteins. RYBP can function as a transcriptional co-factor (Kalenik et al., 1997; 
Sawa et al., 2002). Schlisio et al reported that RYBP interacted directly with YY1 and 
E2F2 or E2F3 to activate the transcription of Cdc6 (Schlisio et al., 2002); RYBP is 
described as a transcriptional co-repressor. RYBP interacted directly with both RING1 
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protein (RING1A and RING1B) and M33, two mutually interacting sets of proteins of the 
mammalian Polycomb complex, which function to establish a stably silenced state of 
many developmental and proliferation genes (Garcia et al., 1999; Bejarano et al., 2005). 
The studies from Trimarchi et al demonstrated that E2F6 can interact with RYBP to 
function as a dominant negative inhibitor of the other E2F family members (Trimarchi et 
al., 2001). In addition to its putative role in transcriptional regulation, RYBP, also known 
as death effecter domain-associated factor (DEDAF), participates in apoptosis as a 
positive regulator. As shown in the study of Zheng et al, RYBP could bind to DED-
containing apoptotic mediators and to enhance apoptosis mediated by the death receptors 
as well as by the DEDs themselves (Zheng et al., 2001). At the same time, Oorschot et al 
reported that RYBP like the viral apoptosis agonist Apoptin could promote caspase-
dependent apoptosis when over-expressed in the transformed but not the normal cell lines 
tested (Danen-van Oorschot et al., 2004).  
To determine the biological function of RYBP protein, several research groups carried 
out the enetic studies of this gene. rybp knock-out mice embryos were lethality at the 
early postimplantation stage (between E5.5 to E6.0), consistent with the fact that RYBP, 
which is abundantly expressed in the extraembryonic tissues (Pirity et al., 2005). 
However, in rybp-/-↔ rybp+/+ chimeras, although embryos could survive, the central 
nervous system development was interfered by reduced RYBP levels (Pirity et al., 2005), 
which is consistent with the findings by Garcia et al that rybp transcripts were mostly 
detected in cells of the developing central nervous system at E9.0, followed by the 
ubiquitously distribution after E9.5 (Garcia et al., 1999). It indicates that rybp play a role 
in the CNS development during embryogenesis. In this project, Rybp was picked out by 
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yeast two-hybrid assay at a high efficiency (15 out of 53 candidate clones). Since def 
gene has been shown to function as a digestive-organ expansion factor in the later 
digestive organogenesis, it is reasonable to speculate that, as a Def interacting protein, 
rybp gene may play a similar role in this development. 
 
3.7.1.1 Rybp interacts with Def protein in vivo 
Amino acid sequence analysis of Rybp (gi41151997) and its homologs/orthologs in 
human (gi6714542), mouse (gi133893368) and Xenopus (gi77682059) showed that Rybp 
protein was highly conserved in human, mouse, and frog, especially in the N-terminal 
and C-terminal regions (Figure 3.18 A). To confirm the protein-protein interaction 
between Def and Rybp, in vivo co-immunoprecipitation assay was performed using 
protein extracts obtained from embryos co-injected with HA-rybp and Myc-def mRNA. 
Myc-Def could be pulled down by anti-HA antibody. Meanwhile, HA-Rybp could be 
pulled down by anti-Myc antibody in the same way (Figure 3.18 B). The results from the 
CO-IP assay verified the true interaction between Def and Rybp in vivo, and also imply 
that Rybp may play a role in endoderm organogenesis in coupling with Def. 
 
3.7.1.2 rybp expression pattern in zebrafish embryogenesis  
Blast search revealed that rybp gene is a single copy gene located in the chromosome 7 in 
zebrafish. The rybp genomic DNA spans 24.78 Kb and contains 5 exons. RNA gel blot 
hybridization showed that RYBP is expressed at a low level in unfertilized eggs and the 
adult fish, when compared to its expression levels during embryogenesis. The expression 
of rybp resembled the def expression during embryogenesis by displaying an increase at 2 
and 3 dpf (Figure 3.19 A). Interestingly, sequencing RT-PCR products identified two 
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forms of rybp transcripts. One form is identical to the rybp gene obtained from our two-
hybrid screening, and the other is the same to rybpa (NM_201317.1). The difference 
between these two transcripts is that 3 nucleotides (CCA) in rybpa coding region 
encoding proline in aa 164 were lost in rybp transcript. Because the different nucleotides 
are located in the middle of the predicted exon 3, but not neighboring the splicing site, the 
appearance of two rybp transcriptional forms suggests that the rybp gene is polymorphic, 
a fact has been seen for many zebrafish genes.   
To investigate the biological function of rybp gene in zebrafish, rybp expression pattern 
was analyzed in developing zebrafish embryos. The rybp expression in zebrafish embryos 
was somehow different from the ubiquitous expression pattern of drybp during 
Drosophila development (Bejarano et al., 2005), and we found that rybp transcripts were 
abundant in developing brain from 1 to 4 dpf and also slightly enriched in intestine after 3 
dpf (Figure 3.19 B), which was very similar to the rybp expression in mouse embryos 
(Garcia et al., 1999; Pirity et al., 2005). Although the exact biological role of RYBP 
protein is unclear, rybp expression enriched in the zebrafish intestine hints that Rybp may 
play an important role in the intestine organogenesis in zebrafish. 
 
3.7.1.3 Rybp was antagonistic to Def protein during intestine organogenesis 
Although rybp expression level was low during embryogenesis, rybp expression pattern 
enriched in the intestine after 3 dpf may provide useful information to the biological 
function of this gene. To study rybp function, we injected rybp-specfic morpholino into 
zebrafish embryos to knockdown rybp expression. Two morpholinos were designed to 
specifically knock down rybp gene during embryogenesis (Figure 3.19 C, D). One 
morpholino, rybp I1E2 MO, which specifically blocks the splicing junction between 
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intron1 and exon2, created a 126 bp deletion transcript that created an aberrant protein 
with 42 amino acids in-frame deletion in the Zinc-finger region (Figure 3.19 C), the other, 
rybp E1I1 MO, which targets the splicing site of exon1 and intron1, generated two new 
transcripts of rybp gene with the same premature stop codon in the full or partially 
unspliced intron1 (Figure 3.19 D).  
Although these two morpholinos apparently knocked down rybp’s expression in the 
injected embryos, they didn’t cause abnormal development to the wild type embryos. 
However, 18/67 (26.9%) defhi429 mutants injected with rybp I1E2 MO and 16/66 (24.2%) 
with E1I1 MO showed partially rescued intestine development as revealed by ifabp 
WISH (data not shown). Since rybp MOs could partially restore the intestine 
development in defhi429 mutants, this suggests that the rybp gene may contribute to the 




Amyloid beta precursor protein (cytoplasmic tail) Binding protein 2 (APPBP2, also know 
as PAT1 or ARA67) was first identified as a cytoplasm protein with a homology to the 
molecular motor protein, kinesin light chain (Zheng et al., 1998). APPBP2 not only 
interacts with the basolateral sorting signal in the cytoplasmic domain of Amyloid beta 
precursor protein, but also bind microtubules in a nucleotide-sensitive manner, indicating 
that APPBP2 is involved in the trafficking of APP along microtubules (Zheng et al., 1998; 
Kuan et al., 2006). Remarkably, APPBP2 is also a nuclear localized protein (Gao and 
Pimplikar, 2001), and interacts with the androgen receptor (AR) as a repressor of 
androgen receptor transactivation (Zhang et al., 2004; Hsu et al., 2005). Above data are 
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mainly from the molecular studies of APPBP2, but the biological function of appbp2 
gene is still unclear. 
As shown in Table 3.1, Appbp2 protein was found to interact with Def in the yeast two-
hybrid assay at a high rate. Database search revealed that appbp2 gene has only one copy 
in the zebrafish genome, and is located on the chromosome 15, and contains 13 exons. 
WISH using a appbp2 probe in zebrafish embryos showed that although the signal of 
appbp2 was detected in the brain in 1 dpf embryos, in eyes and ears in 2 dpf embryos, 
appbp2 displayed enriched expression in the intestine, swim bladder and pharyngeal from 
3 dpf to 4 dpf (Figure 3.20 A). The enriched expression of appbp2 in the digestive organs 
in the later stage during embryogenesis was similar to def expression pattern, indicating 
that this gene may contribute to the development of these organs by coupling with Def.  
To investigate the biological functions of appbp2 gene during endoderm organogenesis, 
an appbp2-specific morpholino, which targets the splicing boundary of appbp2 mRNA 
between exon 2 and intron 2, was designed. The appbp2 E2I2 morphants produced a new 
appbp2 mRNA with an 89 bp deletion by deleting the whole exon 2, resulting in a frame 
shift with a new stop codon, as revealed by RT-PCR and DNA sequencing (Figure 3.20 B, 
C). WISH with major digestive organ markers, ifabp, lfabp, insulin and trypsin, revealed 
that the development of the intestine, liver and exocrine pancreas were specifically 
defective in almost all morphants at 3 dpf, but the organogenesis of endocrine pancreas 
seemed normal as the control embryos (Figure 3.20 D, E). Similar to defhi429 mutant 
embryos, the defective phenotype in major digestive organs of appbp2 E2I2 morphants 
strongly suggests that appbp2 may be cooperative with the def gene to function in 




One out of 53 candidate clones identified in the yeast two-hybrid screen was found to 
encode the L159 protein. EST sequence analysis revealed that L159 is a novel gene and 
similar to the predicted gene, XR_029547 (Danio rerio similar to BSAC). Blast searching 
the zebrafish genome showed that L159 has two copies in zebrafish on the chromosome 
12; one is identical to L159, and its genomic DNA contains 17 predicted exons; another 
one is a shorter paralogs of L159 without ~450 nucleotides in the 5’ region, and it only 
contains 13 predicted exons. WISH with L159 in zebrafish embryos showed that although 
L159 was expressed in head and the Intermediate Cell Mass (ICM) region at 1 dpf, its 
expression started to appear enriched in the liver bud and gut at 2 dpf, followed by the 
intestine, swim bladder and pharyngeal from 3 dpf to 4 dpf; interestingly, weak L159 
expression was detected in exocrine pancreas at 4dpf (Figure 3.21 A). The enriched 
expression of L159 in digestive organs from 2 dpf to 4 dpf resembled the def expression 
pattern. Interacting with Def, a nuclear localized protein, and containing SAP motif (a 
putative DNA-binding motif) imply that L159 protein may cooperate with Def to 
function at the transcriptional level in regulating development of the digestive organs. 
To investigate the biological functions of L159 gene in the development of digestive 
organs, a morpholino was designed to specifically block L159 mRNA splicing site 
between exon 2 and intron 2. The L159 E2I2 morphants produced an mRNA mixture 
containing two transcripts. 75% of L159 transcripts are aberrant splicing products with a 
32 bp deletion in the exon 2, resulting in the formation of a premature stop codon, as 
revealed by RT-PCR and DNA sequencing (Figure 3.21 B, C). WISH using digestive 
organ markers, ifabp, lfabp, insulin and trypsin, showed that the development of intestine, 
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liver and pancreas was abnormal in the L159 E2I2 morphants. As shown in Figure 3.21 D 
and E, for the intestine development, 19.7 % (14/71) of morphants displayed no ifabp 
expression and 46.5 % (33/71) showed significantly reduced ifabp expression; the liver 
development was also affected in most morphants, including 14 % (6/43) morphants that 
were liverless and 81.4 % (35/43) morphants that displayed distinctly reduced lfabp 
expression. The development of exocrine pancreas was also retarded more or less. 14 % 
(6/43) of the morphants showed only trace of trypsin positive cells and 48.8 % (21/43) of 
the morphants displayed greatly reduced size of exocrine pancreas with a thin layer of 
trypsin positive cells surrounding the islet; however, the results from WISH with the 
insulin probe showed that endocrine pancreas organogenesis was not affected in these 
morphants at 3 dpf. The WISH results revealed that the severity of the defective 
phenotype in developing digestive organs conferred by the morphants was not uniform. It 
may be explained that the new splicing product caused by the L159-specific morpholino 
is still partially functioning, or the extra copy of L159 gene is functionally redundant with 
L159, like the shorter paralog of L159 described above. However, the defective 
phenotype in the intestine, liver and exocrine pancreas resulted by the L159 E2I2 
morpholino strongly suggests that, like def gene, L159 functions in the development of 
the digestive organs.  
 
3.7.4 L221 
Among 53 candidate clones identified in the yeast two-hybrid assay, three candidates are 
identical in sequence and is named as L221 gene, which is similar to the predicted gene, 
XM_001345809.1 (Danio rerio similar to MKL/myocardin-like 2). Blast search revealed 
that L221 is located in the zebrafish chromosome 12 with two tandem repeat copies, each 
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containing 16 exons. Protein sequence analysis showed that this protein also contains a 
SAP domain as that in L159 protein. WISH with an L221 probe in zebrafish embryos 
showed that although the signal of L221 was detected in the brain at 1 dpf, the L221 
expression was enriched in the liver bud and gut at 2 dpf; the signal in the liver became 
very weak at 3 dpf, but it appeared distinctively strong in the intestine, swim bladder and 
pharyngeal from 3 dpf to 4 dpf (Figure 3.22 A). Since L221 shares similar expression 
pattern to L159 and encodes a SAP protein, it is reasonable to suggest that, like L159, 
L221 may help def to function at the transcriptional level to regulate the development of 
these organs. 
 To understand the biological functions of L221 gene during endoderm organogenesis, we 
designed a morpholino to specifically block the splicing junction between exon 10 and 
intron 10. Because the boundary sequence of exon 10 and intron 10 was the same in two 
copies of L221 genomic DNAs, this specific morpholino could block both genes’ 
transcription. RT-PCR analysis showed that only one new transcript appeared in the 
morphants (Figure 3.22 B). DNA sequencing revealed that this L221 altered transcript in 
the morphants created a new L221 mRNA with a 459 bp insertion of entire intron 10, 
resulting in a new stop codon, which subsequently led to loss of the SAP domain (Figure 
3.22 C). As shown in Figure 3.22 D and E, the liver development was severely blocked at 
3 dpf. 56% (36/64) morphants were liverless and 44% (28/64) morphants were with only 
trace lfabp expression. The organogenesis of exocrine pancreas was markedly retarded at 
3 dpf in all examined morphants (n=64) as revealed by greatly reduced typsin positive 
cells, but the endocrine pancreas seemed to be normal in these morphants. The intestine 
development was also severely affected at 3 dpf. Like defhi429 mutant embryos at 3 dpf, 
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weak ifabp expression appeared only in the anterior intestine of all examined morphants 
(n=59). The severe phenotype in three major digestive organs caused by L221 
morpholino was consistant with the total blockage of the formation of normal L221 
transcripts in morphants. The results of L221 knockdown assay strongly suggest that 
L221 plays an essential function in endoderm organogenesis. 
 
3.7.5 L245 
L245 is represented by a single clone among the 53 candidate clones identified to interact 
with Def in the yeast two-hybrid screen. Sequence analysis revealed that L245 represents 
a novel gene (NM_001080169), which has only one copy in the zebrafish genome and is 
located on the chromosome 6 with 18 exons. Protein analysis showed this protein had no 
known motif or domain. WISH with an L245 probe showed that the expression of L245 
appeared in the brain, liver bud, pancreas bud and gut at 2 dpf. However, the signal in the 
liver became very weak at 3 dpf, and the L245 signal disappeared in the pancreas at 3 dpf 
but reappeared in the exocrine pancreas at 4 dpf, suggesting that L245 gene may function 
in the specific time window in the liver and pancreas organogenesis. Moreover, the 
expression of L245 was markedly strong in the intestine, swim bladder and pharyngeal 
from 3 dpf to 4 dpf (Figure 3.23 A). The fluctuant expression pattern of L245 gene in 
digestive organs suggests that this gene may play important functions in the development 
of these digestive organs.  
A gene specific morpholino was designed to knockdown L245 to investigate the 
biological functions of this gene. This morpholino targets the splicing boundary between 
intron 4 and exon 5. L245 MO created two L245 transcripts in which the new one contain 
101 bp deletion corresponding to the full exon 5 sequence resulting in a premature stop 
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codon, as revealed by RT-PCR and sequencing analysis (Figure 3.23 B, C). As 
demonstrated in Figure 3.23 D and E, although 94 % (77/82) of the morphants displayed 
reduced trypsin expression at 3 dpf including 68.3 % (56/82) of the morphants with 
significant decreased size of exocrine pancreas, the insulin positive cells in morphants 
were not obviously different from that in the wild-type embryos. The liver development 
in the morphants marked by lfabp expression was retarded at 3 dpf, as well. About 10 % 
(8/82) morphants were liverless and 58.5 % (48/82) were with a small liver. However, 
only 53.7% (29/54) of the morphants displayed decreasing ifabp expression at 3 dpf. The 
defective phenotypes in the three digestive organs exhibited by the morphants indicate 
that L245 plays an important function in endoderm organogenesis.  
 
3.7.6 Discussion 
16 proteins, which interact with Def, were identified from the yeast two-hybrid screen, 
including three known proteins, Rybp, Appbp2 and E2. As reported, RYBP functions as a 
regulator of gene transcription and is a mediator of apoptosis (Garcia et al., 1999; Zheng 
et al., 2001; Sawa et al., 2002). APPBP2 plays a role in intracellular translocation APP, 
and functions as a repressor of AR signaling (Zheng et al., 1998; Zhang et al., 2004). E2 
is a component of a cascade of enzymes catalyzing ubiquitination for the protein 
degradation (Hochstrasser, 1996). However, most genes identified in the yeast two-
hybrid assay are novel without known biological function.  
Five of the 16 identified genes (rybp, appbp2, L159, L221 and L245) were chosen for 
further investigation because the expression of these genes was enriched in the digestive 
organs from 2dpf to 4dpf, which is similar to that of def gene. Using Co-IP method, we 
confirmed that Rybp can interact with Def in vivo. We have not yet to perform Co-IP for 
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other four proteins. However, the expression patterns of other 4 proteins similar to Def 
suggest that the protein-protein interactions between them and Def, revealed by the yeast 
two-hybrid assay in vitro, probably be true in vivo. Individual knock-down of these four 
genes using gene-specific morpholinos in developing zebrafish embryos could mimic the 
defective phenotype of digestive organs observed in the defhi429 mutant by showing 
retarded growth of the intestine, liver and exocrine pancreas. On the other hand, rybp MO 
could partially rescue ifabp expression in the intestine in the defhi429 mutant. These results 
suggest that Appbp2, L159, L221 and L245, might form a complex with Def, either 
individually or collectively to control the endoderm organogenesis, whilst Rybp was 
antagonistic to Def to function in the intestine development. When compared with the 
wild-type control, molecular markers specific to fully differentiated intestinal epithelial 
cells (ifabp), hepatocytes (lfabp), and exocrine pancreas (trypsin) were expressed to 
different extent in morphant embryos derived from all morpholinos tested, demonstrating 
that cell differentiation is compromised but not abolished in those digestive organs by 
these gene specific morpholinos. Whether do these genes, like def, function to up-
regulate Δ113p53 to arrest the cell division in the digestive organs during organogenesis? 
The further study will help us to understand more about the mechanism of Def function 










Figure 3.1 The defhi429 mutant exhibits hypoplastic digestive organs. (A,B) The left 
lateral view at 5.5 dpf showed that the defhi429 mutant had an unabsorbed york sac and 
exhibited smaller liver and swim bladder and much thinner intestine as viewed under a 
dissection microscopes. (C,D) The right lateral view at 5.5 dpf showed that the defhi429 
mutant had hardly detectable pancreas (P), outlined by pink-purple line. (E–H) 
Bioactivity staining of alkaline phosphatase showed that pronephric ducts (E,F) and 
blood vessels (G,H) at 3 dpf in wild type and the defhi429 mutant were indistinguishable. 
The liver (L) is outlined by a red line, the intestine (Int) by a pink line, the swim bladder 
(SB) by a purple line, and the york sac (Yolk) by a yellow dot line. (bv) blood vessels; 






































Figure 3.2 def is not required for the early development of digestive organs. (A,B) At 9 
hpf, WISH using endoderm maker sox17 showed that endoderm cells were distributed in 
the defhi429 mutant embryo as a salt and pepper manner similar as in wild-type control. (C-
H) At 1 dpf, endoderm rod (er) was formed in the defhi429 mutant similar as in wild-type 
control, revealed by foxa1 (C,D), foxa3 (E,F) and gata6 expression (G,H). (I-N) At 2 dpf, 
WISH using the pan-endoderm marker foxa1, foxa3 and gata6 showed that there were no 
discernible phenotypic differences between wild type and defhi429 mutant. (L) liver; (P) 




















Figure 3.3 def is essential for the rapid expansion of intestine but not the endoderm-
intestine transition. (A,B) At 5 dpf, cross-sectioning through the liver showed that the 
columnar epithelium formed in the intestine of defhi429 mutant but did not fold properly 
due to greatly reduced cell number when compared with the wild type. Scale bars, 10 μm. 
(C,D) Alkaline phosphatase staining at 5 dpf, and (E-H) WISH using ifabp at 3 dpf and 4 
dpf revealed that the expression of two intestine-specific markers was greatly reduced in 










Figure 3.4 def is required for rapid expansion of the liver. (A,B) At 5 dpf, transverse 
sections through the liver revealed that bile ducts and blood vessels were properly formed 
in the defhi429 mutant liver as in the wild-type liver. However, the liver failed to develop 
into two lobes in the defhi429 mutant. Scale bars, 10 μm. (C-H) WISH using prox1 showed 
that the liver bud had no discernible difference between the defhi429 mutant and the wild 
type at 2 dpf (C,D). The liver became smaller in the defhi429 mutant at 3 dpf (E,F) and was 
obviously smaller at 4 dpf (G,H). (K-N) The phenotype of the smaller liver in the defhi429 
mutant was also revealed by the lfabp expression. (I,J) At 4 dpf, sectioning in situ 
hybridization using DIG-labeled lfabp (for liver, in purple) probe further confirmed that, 
when compared with the wild type, the mass of the liver was greatly reduced whilst the 
right-toward migration of liver appeared normal in the defhi429 mutant. (L) liver;  (i) 













































Figure 3.5 def is required for the rapid expansion of exocrine pancreas but not 
endocrine pancreas. (A,B) At 4 dpf, transverse sections through endocrine pancreas 
revealed that, when compared with the wild type, the mass of the exocrine pancreas 
(exoP) was greatly reduced while the endocrine pancreas (endoP) appeared normal in the 
defhi429 mutant. Scale bars, 10 μm. (C,D) At 4 dpf, sectioning in situ hybridization using 
Fast Red (Roche)-labeled trypsin (for exocrine pancreas, in red), DIG-labeled lfabp (for 
liver on the left side, in purple) and DIG-labeled insulin (for endocrine pancreas on the 
right side, in purple) probes further confirmed the result from A-B. (E-J) WISH using the 
insulin probe showed that the endocrine pancreas had no discernible difference between 
the defhi429 mutant and the wild type from 2 dpf to 4 dpf. (K-P) Although WISH with the 
pdx1 probe showed that the initiation and formation of pancreatic bud (p) from the gut (g) 
was not affected in the defhi429 mutant (K,L), the trypsin expression revealed that the 
defhi429 mutant started to exhibit a smaller exocrine pancreas at 3 dpf (M,N) and the 
defective  exocrine pancreas was more remarkable at 4 dpf (O,P). (L) liver; (sb) swim 















































Figure 3.6 def is required for the development of branchial arches. (A,B) At 3 dpf, 
transverse sections just after eyes revealed that the architecture of branchial arch (b) 
appeared abnormal in the defhi429 mutant. Scale bars, 10 μm. (C-F) Alcian blue staining 
showed that, when compared with the wild type, the branchial arches 2–7 (b2-7) in the 
defhi429 mutant were distinctly deformed at 4 dpf (C,D), and the defective phenotype in the 







Figure 3.7 def is required for the development of swim bladder and gall bladder. 
(A,B) Transverse sections through gall bladder at 3 dpf revealed that the structure and 
the size of swim bladder (sb) or gall bladder (gb) were of no discernible difference 
between the defhi429 mutant and the wild type at 3 dpf. Scale bars, 10 μm. (C,D) 
However, cross-sectioning through gall bladder at 5 dpf showed that the inflation of 
swim bladder was arrested and the gall bladder was much smaller in the defhi429 mutant at 
5 dpf. Scale bars, 10 μm. (E,F) At 5 dpf, WISH using the surfactant probe confirmed the 
lack of the functional swim bladder in the defhi429 mutant. (G,H) At 5 dpf, Phenol Red 
injection revealed that the defhi429 mutant had a smaller gall bladder and underexpanded 
anterior intestine. (i) intestine; (sb) swim bladder; (gb) gall bladder; (wt) wild type; (mut) 
defhi429 mutant. 
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      1 agtattaactatccatgaagaaaagaaaacaggagctggttacacacgtgtgtgtagatg 
     61 tagaacagaaacATGGGCAAAAGAAGGCGAGGAAAACAGGAGATTGATAATTTAACTAAG 
                    M  G  K  R  R  R  G  K  Q  E  I  D  N  L  T  K  
    121 AAACAGAAGAAACATCTAAAGGAATTTGGTGAACAACACCCTTTTCACGATAAGGTTGTT 
        K  Q  K  K  H  L  K  E  F  G  E  Q  H  P  F  H  D  K  V  V  
    181 GAAAGACCGGAGAAGACTCAGATTTTGCGCTTGCCTGACAGTCCACAGCGCCCTGAACCA 
        E  R  P  E  K  T  Q  I  L  R  L  P  D  S  P  Q  R  P  E  P  
    241 GACAGTGAGGATGACAGTGATGCTGAGCAACCATCTGCATATCAGAAACTACTGTCCACC 
        D  S  E  D  D  S  D  A  E  Q  P  S  A  Y  Q  K  L  L  S  T  
    301 ATGATTCAAGGTGATGAAGATGATGTTGAGAGTGAAGATGAAGAAAGCGAGGAAGAGGAT 
        M  I  Q  G  D  E  D  D  V  E  S  E  D  E  E  S  E  E  E  D  
    361 AACGAGGAGGAAGCTGAAGTTGAAGGTGATAGTGAAGAAGAAGTGGAGGACACCGATGAA 
        N  E  E  E  A  E  V  E  G  D  S  E  E  E  V  E  D  T  D  E  
    421 GAGGACGGGAATGATGCTGAGGAAGTTTTAGAGGATAAAGTGGAAGAAACATCTGACAAA 
        E  D  G  N  D  A  E  E  V  L  E  D  K  V  E  E  T  S  D  K  
    481 TTACAGAAAAAACACCCTGAAAAGACCAATGGAGATGTAGAGGAGAATGAAGAGGCAGAG 
        L  Q  K  K  H  P  E  K  T  N  G  D  V  E  E  N  E  E  A  E  
    541 ATGGAGGGAGAGTTTACAGATAAAAAGAATGAAGCTGCTTTCTGCTTGGAGACCAATATG 
        M  E  G  E  F  T  D  K  K  N  E  A  A  F  C  L  E  T  N  M  
    601 CCTGCAGAAGGAGAGGAAAACACAGCACAACAGGAACAGGATGAAGACATGTTTGTGAAG 
        P  A  E  G  E  E  N  T  A  Q  Q  E  Q  D  E  D  M  F  V  K  
    661 CACCAAGAGATTGAACTGAGCGAAGAGGAAGTGGGACGAATCTCACAAGGATCAAAGGTC 
        H  Q  E  I  E  L  S  E  E  E  V  G  R  I  S  Q  G  S  K  V  
    721 AAGACTCAGGTTAAGTGGGCAAAACTGGGTGTTCTGCAGTGCATGTGTCCATTGGAACGT 
        K  T  Q  V  K  W  A  K  L  G  V  L  Q  C  M  C  P  L  E  R  
    781 TTTCCAGCCATCGGACAGGCCTCTTCTGCCCCTCTTCCACCCATTCACAAAACCCTAGAG 
        F  P  A  I  G  Q  A  S  S  A  P  L  P  P  I  H  K  T  L  E  
    841 GCAAATTGGCATTTGTTAAACCTGCCTTTTGGAGCTGCAACAGATGTCACAGAGCTGCAA 
        A  N  W  H  L  L  N  L  P  F  G  A  A  T  D  V  T  E  L  Q  
    901 AAGGAGATGCTTGGGCTCATGGGTACTTACAGAGACCTCTATTTGGCAAACCTCTCCCCC 
        K  E  M  L  G  L  M  G  T  Y  R  D  L  Y  L  A  N  L  S  P  
    961 TTGAAGGAGGCTAAGGAAGTGCGCAGCGCATACTGTCTTCATGCCCTGAACCATGTATTA 
        L  K  E  A  K  E  V  R  S  A  Y  C  L  H  A  L  N  H  V  L  
   1021 AAGGCCAACTCTCGTGTGCTTAGAAACAATGCCAAGTTAAAGGAATCTAAAAATGGGGAT 
        K  A  N  S  R  V  L  R  N  N  A  K  L  K  E  S  K  N  G  D  
   1081 GAGGATTTTCGTGACCAAGGGCTTACTAGACCAAAGGTCTTGATTTTGGTGCCATTCAGA 
        E  D  F  R  D  Q  G  L  T  R  P  K  V  L  I  L  V  P  F  R  
   1141 GATGGAGCACTGAGAGTTGTCCAGACCTTCATGACACTTCTGGAGCCCAAAGGCAAGAAG 
        D  G  A  L  R  V  V  Q  T  F  M  T  L  L  E  P  K  G  K  K  
   1201 ACGGATGCCAGTAACAAGAAACGCTTCAAGGAGGAATATGGAGAGGAGACGGATGAGAAG 
        T  D  A  S  N  K  K  R  F  K  E  E  Y  G  E  E  T  D  E  K  
   1261 CCACCTAATCTGCAAAGGCCTGATGACTACCACGCTGTCTTTTCTGGAAATATAGATGAT 
        P  P  N  L  Q  R  P  D  D  Y  H  A  V  F  S  G  N  I  D  D  
   1321 CATTTCAGGATAGGTATGTCTATCCTGAGACACAGCATGCGCCTATACGCTCCCTTCTAT 
        H  F  R  I  G  M  S  I  L  R  H  S  M  R  L  Y  A  P  F  Y  
   1381 TCCTCTGACATCATCATTGCTTCTCCGCTGGGTCTCCGCACAGTTCTGGGTGCTGAAGGG 
        S  S  D  I  I  I  A  S  P  L  G  L  R  T  V  L  G  A  E  G  
   1441 GAGAAGAAAAGAGACCATGACTTTCTGTCTTCAATCGAACTTTTGATTGTGGATCAGGCA 
        E  K  K  R  D  H  D  F  L  S  S  I  E  L  L  I  V  D  Q  A  
   1501 GATGTTTTCCTCATGCAGAACTGGGAACATTTACTCCATGTGTTGGAGCATTTGAACCTG 
        D  V  F  L  M  Q  N  W  E  H  L  L  H  V  L  E  H  L  N  L  
   1561 CAGCCGCTGGACTCTCATGGTGTTGATTTCTCTCGCGTTCGCATGTGGAACCTAAACAAC 
        Q  P  L  D  S  H  G  V  D  F  S  R  V  R  M  W  N  L  N  N  
   1621 TGGGCAGCTTATTACAGACAGACGCTGGTGTTCAGTGCCATACAAGAACCTCAGATCACC 
        W  A  A  Y  Y  R  Q  T  L  V  F  S  A  I  Q  E  P  Q  I  T  
   1681 AACATCCTCACCAAACACTGCCACAACTACAGAGGCCAGGTGTGCAGTAAAACCATTCCA 
        N  I  L  T  K  H  C  H  N  Y  R  G  Q  V  C  S  K  T  I  P  
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   1741 AAGATAGGCTCAATCTGTCAGGTACTTGTGCAGCTGCCACATGTTTTTCAGATGTTTCAC 
        K  I  G  S  I  C  Q  V  L  V  Q  L  P  H  V  F  Q  M  F  H  
   1801 TCTGACAGCTTCATGGACCAGGATGCCAGGTTCCAGTTCTTTGTGGATAAGATCCTGCCT 
        S  D  S  F  M  D  Q  D  A  R  F  Q  F  F  V  D  K  I  L  P  
   1861 CAGTACAGAGACTCTGTCATGTCCCACACTTTCATCTATGTGCCTTCGTACTTTGATTTT 
        Q  Y  R  D  S  V  M  S  H  T  F  I  Y  V  P  S  Y  F  D  F  
   1921 GTACGTCTGCGAAACTACCTGAAGAAGGAAGACGTCAGTTTTGCTAATATTAGCGAGTAC 
        V  R  L  R  N  Y  L  K  K  E  D  V  S  F  A  N  I  S  E  Y  
   1981 TCTCAGAGATCAGAGGTGTCTCGAGCGCGACATTACTTCCAGAAAGGAGAAAAACAGTTT 
        S  Q  R  S  E  V  S  R  A  R  H  Y  F  Q  K  G  E  K  Q  F  
   2041 CTGCTCTTCTCTGAGAGATTCCACTTTTATAAGAGATACACTATCAAGGGTATCCACAAT 
        L  L  F  S  E  R  F  H  F  Y  K  R  Y  T  I  K  G  I  H  N  
   2101 CTGATCTTCTACGGGTTGCCCACATACCCTCATTTCTACAGTGAGGTGTGTAATATGCTT 
        L  I  F  Y  G  L  P  T  Y  P  H  F  Y  S  E  V  C  N  M  L  
   2161 CAGGCTGGAGTCAGAGAGGGTGGTGCTTCTGTCAGCTTCACCTGCACGGCTCTGTACTCT 
        Q  A  G  V  R  E  G  G  A  S  V  S  F  T  C  T  A  L  Y  S  
   2221 CGATATGATGTGCACCGTCTGGCTGCCATCACCGGGGCTGACCGCGCCGCTCAGATGCTT 
        R  Y  D  V  H  R  L  A  A  I  T  G  A  D  R  A  A  Q  M  L  
   2281 CAGTCCAAAAAAACCACACACCTCTTCATCACGGGGGAGGAGAAAAGCACATGAagaggt 
        Q  S  K  K  T  T  H  L  F  I  T  G  E  E  K  S  T  *        
   2341 actgcgaaaatctgatgtgacgttttaatctctccgagaaggaagataatctgtgttggt 
   2401 ggtagtgggtaaaatgatgttttcccttctgtcatatgactgaatttaatgatgatattc 
   2461 cctttcccttttatatataaagtcttcttttgctattgtcagcccagatgttttactttt 
   2521 catgtgtttaaatgggtgaaattaaggtttttaaactttcaatttcctaggacatttggg 
   2581 agcgcgggaaattgggcctcaataattatttccaaaatgtgtacaacaaagctcatgcca 
   2641 gcaatcatgccagcatgtaggagaatctaaccagcagtcacctgtctaattattatatct 







Figure 3.8 Complete nucleotide and predicted amino acid sequences of def. The 
translation starting codon and stop codon of def was labeled in red and purple, 
respectively. The longer form of def gene has 231 bps (underlined) more than its short 






Figure 3.9 The retroviral vector insertion in the def gene caused the defhi429 mutant 
phenotype. (A) Schematic drawing shows the genomic DNA structure of the def gene. 
The retroviral vector was inserted in the second intron of def genomic DNA. The 
positions of two pairs of primers used for genotyping the mutant embryos are indicated, 
and their PCR products are shown in the DNA gel photos. Red arrows were the primer 
pair for checking the retroviral insertion in heterozygous (+/−) or homozygous (−/−) 
mutants; green arrows for checking the def gene in wild-type sibling (+/+) or 
heterozygous mutant (+/−). (B) Amino acid sequence alignment of Def (gi37046654) and 
its homologs/orthologs in human (gi7657019), mouse (gi20340985), Drosophila 
(gi20130323), C. elegans (gi17555844), and yeast (gi19076047). (C) The phylogenetic 



















Figure 3.10 def expression is enriched in endoderm organs. (A, top panel) RNA gel blot 
hybridization revealed that def was a maternal gene (the first lane), and it had two transcribed 
forms that peaked at 12 hpf and 1 dpf and then gradually reduced to a lower level at 5 dpf. The 
shorter form was more abundant in the adult body than in adult liver. def expression is 
undetectable in the defhi429 mutant. (elf1a) elongation factor 1a as a loading control. (B, top panel) 
RT-PCR analysis revealed the lack of the def expression in the defhi429 mutant. actin as a positive 
control. (C) Whole-mount in situ hybridization using DIG-labeled def probe examined the 
expression pattern of def from 1 to 4 dpf. def expression was enriched in the digestive organs 
from 2 to 4 dpf. (Black arrow) intestine; (red arrowhead) liver; (blue arrowhead) pancreas.  
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Figure 3.11 Injection of def mRNA rescued the defective phenotype of three 
digestive organs in the defhi429 mutant. (A) At 3 dpf, the expression of ifabp was 
rescued in the intestine of the defhi429 mutant by injection of def mRNA. (B,C) At 4 dpf, 
WISH using transferrin and trypsin probes showed that the defective liver (B) and 
exocrine pancreas (C) were also rescued in the defhi429 mutant by def mRNA injection. 
However, injection of GFP mRNA or mutant defstop mRNA (data not shown) failed to 





Figure 3.12 def-MO caused hypoplastic digestive organs. (A,B) The def morpholino 
was designed to target the splice junction between exon 2 and intron 2. RT-PCR analysis 
showed that def MO created an aberrant frame-shift transcript (A) due to a 40-bp deletion 
in the exon 2 (B). (C) At 3 dpf, def morphants were examined with intestinal marker ifabp. 
70.4% (19/27) morphants showed hypoplastic intestine. (D) WISH with the liver marker 
lfabp revealed that 74.5% (35/47) def morphants displayed the smaller liver at 4 dpf. (E) 
WISH analysis using the trypsin probe showed that 89.3% (50/56) def morphants mimiced 
the defective exocrine pancreas in the defhi429 mutant. (def MO) def morpholino; (SC MO) 
standard control morpholino; (wt) wild type embryos. 
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Figure 3.13 Def antibodies were generated using Def truncated proteins. (A) Def 
truncated protein S1 fused with 6XHis-Ubiqutin (32 KD) was expressed in E. coli cells as a 
soluble protein. S1 (23 KD) was cut out from 6XHis-Ubiqutin-S1 by thrombin. (B) Def 
truncated fusion protein 6XHis-S2 (36 KD) was expressed in E. coli cells as an insoluble 
protein. 6XHis-S2 was eluted from SDS-PAGE gel.  (C-E) The GFP-Def fusion protein 
(130 KD, arrowhead) was detectable in the def over-expressed embryos by the anti-Def-S1 
antibody (C), while the anti-GFP antibody also detected this protein (D). (E) protein 
loading control; (1) whole lysate of wild-type embryos at 8-9 hpf; (2) whole lysate of  
GFP-overexpressed embryos at 8-9 hpf; (3) whole lysate of GFP-def-overexpressed 














Figure 3.14 def encodes a nuclear protein. (A-F) Injection of the pEGFP-def construct 
into wild type embryos revealed that the GFP-Def fusion protein was localized in the 
nuclear (A-C), while the control protein, GFP, was detected not only in the nuclear but 
also in the cytoplasm (D-F). (G-H) Immunostaining using anti-Def antibody showed that 











Figure 3.15 Expressions of cyclinG1, p53 and mdm2 were up regulated in the 
defhi429 mutant. RNA gel blot hybridization was used to analyze the expression levels 
of cyclinG1, p53 and mdm2 during embryogenesis of the wild type and in the 5 dpf 
defhi429 mutants. cyclinG1, p53 and mdm2 as maternal genes were expressed at different 
levels from 1 to 5 dpf. When compared with the wild-type control at 5 dpf (lane 6), the 
homozygous defhi429 mutants had elevated levels of p53, cyclin G1 and mdm2, (Lane 7). 





Figure 3.16 16 proteins were identified to interact with Def. (A) Schematic drawing 
shows the priuciple of the yeast two-hybrid assay. When Def interacts with one library 
protein, GAL4 BD and AD domains will be in proximity to activate transcription of 
four reporter genes, HIS3, ADE2, lacZ and MEL1. (B) The yeast two-hybrid assay 
showed that L21, L71, L83, L86, L104 and L255, six proteins interacted with Def in 
vitro. On the other hand although Rybp, Appbp2, E2, L44, L159, L245, L247 and 
L251, eig proteins showed the clear interaction with Def, these proteins can weakly 
activate the expression of reporter genes. In contrast, L221 and L244 two proteins 
showed strong auto-activation that prevented us to conclude if these two proteins can 






















































































































































































































































































































































































































Figure 3.18 Rybp interacts with Def in vivo. (A) Amino acid sequence alignment of 
Rybp (gi41151997) and its homologs/orthologs in human (gi6714542), mouse 
(gi133893368) and Xenopus (gi77682059). (B-D) Co-immunoprecipation assay revealed 
that Rybp interacted with Def in Zebrafish embryos. (1) Whole lysate of the embryos co-
injected with HA-rybp and Myc-def mRNA at 24 hpf; (2) α-HA-precipitated proteins; (3) 




Figure 3.19 rybp gene is required for the intestine development. (A) Northern blot 
analysis showed that, although the expression of rybp was weakly expressed in the 
unfertilized eggs and adult fish, its levels were much higher during embryogenesis in a 
fluctuant-wave manner. (B) WISH using the rybp probe showed that the rybp expression 
was enriched in the intestine at 3 dpf and 4 dpf. (Black arrow) intestine. (C) rybp I1E2 
morpholino was designed to block the splicing between intron 1 and exon 2. RT-PCR 
analysis showed that this morpholino created a new transcript encoding the protein with a 
frame-in deletion in Zinc finger domain. (rybp I1E2) rybp I1E2 morpholino; (SC MO) 
standard control morpholino; (wt) wild type embryos. The rybp I1E2 morpholino could 
partially rescue the ifabp expression in 26.9% (18/67) of the injected defhi29 mutants (data 
not shown). (D) rybp E1I1 morpholino was designed to block the splicing between exon 
1 and intron 1. RT-PCR analysis showed that this morpholino created two new transcripts 
with the insertion of the partial or whole of intron 1 which introduced the same premature 
stop codon (red arrowhead). (rybp E1I1) rybp E1I1 morpholino; (SC MO) standard 
control morpholino. The rybp E1I1 morpholino could partially rescue the ifabp 

































Figure 3.20 appbp2 gene is required for the development of the intestine, liver and 
exocrine pancreas, but not for the development of endocrine pancreas. (A) WISH 
using the appbp2 probe showed that the appbp2 expression started to appear in the gut at 
2 dpf, and was enriched in the intestine and swim bladder from 3 to 4 dpf. (Black arrow) 
gut/intestine; (yellow arrowhead) swim bladder. (B-C) The appbp2 morpholino was 
designed to block the splicing between exon 2 and intron 2. RT-PCR analysis (B) and 
DNA sequencing (C) showed that the appbp2 MO created a new transcript with an 89-bp 
frame-shift deletion. (D) WISH with the intestine maker ifabp showed that at 3 dpf, the 
appbp2 morphants mimiced the defective phenotype of the intestine in the defhi429 mutants 
at a high efficiency (63/65). (E). Triple WISH using lfabp, insulin and trypsin probes 
revealed that at 3 dpf, the development of liver and exocrine pancreas was retarded in 
almost all of appbp2 morphants (66/67), but endocrine pancreas appeared normal. 






Figure 3.21 L159 gene is required for the development of the intestine, liver and 
exocrine pancreas, but not for the development of endocrine pancreas. (A) WISH 
using the L159 probe showed that the L159 expression started to appear in the gut and the 
liver bud at 2 dpf; it was enriched in intestine from 3 to 4 dpf; the L159 signal was 
detected in the exocrine pancreas and swim bladder at 4 dpf. (Black arrow) gut/intestine; 
(yellow arrowhead) swim bladder; (red arrowhead) liver; (blue arrowhead) pancreas. (B-
C) The L159 morpholino was designed to block the splicing between exon 2 and intron 2. 
RT-PCR analysis (B) and DNA sequencing (C) showed that the L159 MO created a new 
transcript with a 32-bp frame-shift deletion. (D) WISH with the intestine maker ifabp 
revealed that at 3 dpf, the development of the intestine was arrested in the L159 
morphants [19.7% (14/71) of the morphants with no ifabp expression, and 31% (22/71) 
+15.5% (11/71) with the reduced ifabp expression]. (E). Triple WISH using lfabp, insulin 
and trypsin probes showed that at 3 dpf, the development of liver and exocrine pancreas 
was retarded in L159 morphants, but endocrine pancreas was not affected. 14% (6/43) of 
morphants had no liver and almost no exocrine pancreas, and these organs in other 
morphants were affected more or less. (L159 MO) L159 morpholino; (SC MO) standard 


































Figure 3.22 L221 gene is required for the development of the intestine, liver and 
exocrine pancreas, but not for the development of endocrine pancreas. (A) WISH 
using the L221 probe showed that the L221 expression started to appear in the gut and the 
liver bud at 2 dpf; it was enriched in the intestine and swim bladder from 3 to 4 dpf; the 
L159 signal was still weak in the liver at 3 dpf. (Black arrow) gut/intestine; (yellow 
arrowhead) swim bladder; (red arrowhead) liver. (B-C) The L221 morpholino was 
designed to block the splicing between exon 10 and intron 10. RT-PCR analysis (B) and 
DNA sequencing (C) showed that the L221 MO created a new transcript with a 459-bp 
insertion introducing a premature stop codon. (D) WISH with the intestine maker ifabp 
revealed that at 3 dpf, the development of intestine was retarded in all L221 morphants 
(n=59). (E). Triple WISH using lfabp, insulin and trypsin probes showed that at 3 dpf, the 
development of the liver and exocrine pancreas was seriously arrested in all L221 
morphants (n=64), but endocrine pancreas was not affected. (L221 MO) L221 




































Figure 3.23 L245 gene is required for the development of the intestine, liver and 
exocrine pancreas, but not for the development of endocrine pancreas. (A) WISH 
using the L245 probe showed that the L245 expression started to appear in the gut and in 
the buds of liver and pancreas at 2 dpf; it was enriched in intestine and swim bladder 
from 3 to 4 dpf; the L245 signal was still weak in the liver at 3 dpf. (Black arrow) 
gut/intestine; (yellow arrowhead) swim bladder; (red arrowhead) liver; (blue arrowhead) 
pancreas. (B-C) The L245 morpholino was designed to block the splicing between intron 
4 and exon 5. RT-PCR analysis (B) and DNA sequencing (C) showed that the L245 MO 
created a new transcript with a 101-bp deletion introducing a premature stop codon. (D) 
WISH with the intestine maker ifabp revealed that at 3 dpf, the development of the 
intestine was retarded in 53.7% (29/54) of L245 morphants. (E). Triple WISH using lfabp, 
insulin and trypsin probes showed that at 3 dpf, the development of the exocrine pancreas 
was seriously arrested  in 94% (77/82) of L245 morphants, but endocrine pancreas was 
no affected; the liver size of the morphants was also reduced. (L245 MO) L245 

































Table 3.1 16 genes which encode proteins interact with Def protein in vitro.  










Cluster Gene Number* Gene annotation 
1 rybp 15 |NM_201317.1| Danio rerio RING1 and YY1 binding protein a 
(rybpa), mRNA length=2282 
2 appbp
2 
10 |NM_212633.1| Danio rerio amyloid beta precursor protein 
(cytoplasmic tail) binding protein 2 (appbp2), mRNA 
length=2755 
3 E2 6 |XM_001331035.1|  PREDICTED: Danio rerio hypothetical 
protein LOC792178 (LOC792178),mRNA length=2260 
4 L44 4 |XM_543058.2|  PREDICTED: Canis familiaris similar to Zinc 
finger protein 217 (LOC485934), mRNA Length=3267 
5 L83 3 |NM_200440.1|  Danio rerio zgc:63606 (zgc:63606), mRNA 
complete cds Length=2508 
6 L71 2 |BX470169.7|  Zebrafish DNA sequence from clone DKEY-
31P8 in linkage group 7, complete sequence Length=222405 
7 L244 2 |NM_214736.1|  Danio rerio calmodulin 2b, (phosphorylase 
kinase, delta) (calm2b), mRNA; |NM_001082551.1|  Danio rerio 
Wolf-Hirschhorn syndrome candidate 1 protein (whsc1), mRNA 
Length=5347 
8 L21 1 |XM_001332920.1|  PREDICTED: Danio rerio similar to 
Bromodomain containing 3b, transcript variant 2 (LOC793512), 
mRNA Length=4750 
9 L86 1 |NM_205616.2|  Danio rerio chromobox homolog 8 (Pc class 
homolog, Drosophila) (cbx8), mRNA; gb|AY179330.1|  Danio 
rerio polycomb 3 mRNA, complete cds Length=1151 
10 L104 1 |NM_001002463.1|  Danio rerio zgc:92899 (zgc:92899), mRNA; 
complete cds Length=1515; |NM_001048260.1|  Taeniopygia 
guttata synaptotagmin I (SYT1), mRNA complete cds 
Length=1396 
11 L159 1 |XR_029547.1|  PREDICTED: Danio rerio similar to BSAC 
(LOC559638), mRNA Length=4353 
12 L245 1 |NM_001080169.1|  Danio rerio zgc:158248 (zgc:158248), 
mRNA complete cds Length=5049 
13 L247 1 |XM_687738.2|  PREDICTED: Danio rerio similar to 
mKIAA1585 protein (LOC564400), mRNA Length=3188 
14 L255 1 |XM_001340002.1|  PREDICTED: Danio rerio hypothetical 
protein LOC100003733 (LOC100003733), mRNA Length=2417 
15 L251 1 BX004850.11|  Zebrafish DNA sequence from clone CH211-
51M24 in linkage group 19, complete sequence 
Length=121375 
16 L221 3 |XM_001345809.1|  PREDICTED: Danio rerio similar to 
MKL/myocardin-like 2, (LOC100007368), mRNA Length=3168 
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Chapter 4 Conclusions 
 
This thesis has mainly focused on the molecular functions of def gene in the development 
of endoderm-derived organs in zebrafish. Examination of major endoderm organs 
including the intestine, pancreas, and liver in the defhi429 mutant using organ-specific 
molecular markers and histological analysis showed that these digestive organs appeared 
normal till 2 dpf, suggesting that def is not involved in or does not play a major role for 
the initiation and budding of digestive organs. However, they started to become defective 
after 3 dpf, including an underdeveloped gut tube, a smaller liver, a smaller gall bladder, 
a smaller pancreas, and an undetectable swim bladder, whereas mesoderm-derived organs, 
such as somites, blood vessels, and pronephric ducts, appeared normal. The data from the 
complementation test and the morpholino knock-down assay confirmed that a retrovirus 
insertion in def gene resulted in the defhi429 mutant phenotype. Whole-mount in situ 
hybridization showed that def expression was enriched in the entire digestive ducts and 
organs including pharynx, exocrine pancreas, liver, swim bladder, and intestine, but not 
in the islet from 2 dpf to 5 dpf. The expression pattern of def perfectly matched the 
phenotype displayed by the defhi429 mutant. The absence of def expression in the islet may 
explain why the endocrine pancreas appears normal in the mutant. The evidence provided 
strongly suggests that Def functions as a cell-autonomous factor to regulate the expansion 
growth of various digestive organs except the endocrine pancreas at the later stage of 
endoderm organogenesis.  
Endoderm organ expansion is composed of two processes, cell differentiation and cell 
proliferation in organ buds (Wells and Melton, 1999; Zaret, 2002). When characterizing 
defhi429 mutant phenotype, we found that although at a much lower level when compared 
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with the wild-type control, molecular markers specific to fully differentiated intestinal 
epithelial cells (ifabp and alkaline phosphatase), hepatocytes (lfabp and transferrin), and 
exocrine pancreas (trypsin) were expressed in the mutant embryo. Unlike the arrest of 
cell differentiation in the entire digestive system in the nil per ose mutant (Mayer and 
Fishman, 2003), cell differentiation was compromised but not abolished in the defhi429 
mutant. In addition, cell division was greatly reduced in digestive organs in this mutant, 
as revealed by BrdU labeling and p-Histone H3 immunochemical staining (Chen et al., 
2005). It strongly suggests that the arrested cell proliferation is the main cue to cause 
defective digestive organs in the mutant.  
In order to study how def gene controls the development of digestive organs, we 
performed the microarray assay to compare the gene expression profiles of the defhi429 
mutant and the wild-type control. Microarray data analysis allowed us to identify 141 
down-regulated and 23 up-regulated genes in the defhi429 mutant (Chen et al., 2005). 
Surprisingly, p53, p21, mdm2, and cyclinG1 were among the 23 up-regulated in mutant 
embryos, as confirmed by Northern blotting and RT-PCR (Chen et al., 2005). 
Interestingly, Δ113p53, a newly identified p53 isoform initiated from an alternative 
promoter in intron 4 (Bourdon et al., 2005), rather than the wild-type p53, was selectively 
increased in digestive organs of the mutant embryo, and the knockdown of p53 could 
rescue defhi429 mutant phenotype, indicating that Def functions in regulating the p53 
pathway to control the expansion growth of digestive organs (Chen et al., 2005). 
However, it is still unclear whether def regulate Δ113p53 directly or indirectly to activate 
the response genes of Δ113p53. Microarray is an effective approach to identify 
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downstream genes. However, this approach could not be used to investigate how def 
regulates its downstream genes.  
Organogenesis is a very complicated process composing of a series of events that 
involves in a diverse range of different factors. Therefore, the loss of function of def gene 
might change the effects of some factors related to Def protein to ultimately result in the 
defective digestive organs in defhi429 mutant. To find out which factors are related to Def 
protein, we performed yeast two-hybrid assay to identify the proteins interacting with Def. 
From an embryonic expression cDNA library, 16 proteins were identified as candidates 
that directly interacted with Def. Except for three genes, Ring1 and YY1 Binding Protein 
(rybp), amyloid beta precursor (cytoplastic tail) binding protein 2 (appbp2) and 
branched-chain alpha-keto acid lipomide acyltransferase (E2), others were all novel. It 
might not be surprising that so many unknown proteins were obtained from the screening 
because Def itself is a novel protein.  
As described in others’ studies, APPBP2 and RYBP among three known identified 
proteins are both nuclear-localized proteins and functions in regulating gene transcription 
(Garcia et al., 1999; Schlisio et al., 2002; Zhang et al., 2004; Hsu et al., 2005). 
Furthermore, 7 novel proteins identified as candidates interacting with Def protein have 
predicted DNA binding motifs, such as Zinc finger domain, DNA replication-related 
element (DRE), chromotin binding domain and SAP (a DNA binding motif), implying 
that those proteins may play a role in the gene regulation as well. In addition, our data 
showed that Def protein is a nuclear-localized protein. Therefore, it is hypothesized that 
Def protein plays an important role in regulating specific genes through interacting with 
the above proteins during endoderm-derived organogenesis.   
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To examine the biological functions of 16 candidate genes during embryogenesis, we 
investigate their expression patterns in developing embryos. Except for L104 gene, other 
15 genes displayed an enriched expression in different digestive organs from 2 to 4 dpf. 
For example, rybp was expressed in the intestine after 3 dpf in addition to its constant 
expression in the head, and the expression of L159 could be detected in the liver, 
pancreas, intestine and swim bladder at different stages during endoderm organogenesis. 
These expression patterns of 15 candidate genes were very similar to def gene whose 
expression was enriched in endoderm organs during embryogenesis. This not only 
demonstrates that the yeast two-hybrid assay is an effective approach to identify 
interacting partners, but also implies that those genes may function in the development of 
the relevant digestive organs. We then examined the development of intestine, liver and 
pancreas after respectively knocking down five selected genes (rybp, appbp2, L159, L221 
and L245). Interestingly, rybp MO had no effect in wild-type embryos but it can rescue 
the defective intestine in the defhi429 mutants at a reasonable efficiency, suggesting that 
Rybp probably functions in repressing the development of digestive organs. Moreover, 
four gene-specific morpholinos, appbp2 MO, L159 MO, L221 MO and L245 MO, can 
result in the arrested development of intestine, liver and exocrine pancreas in wild-type 
embryos with the difference in the effect. For example, the development of intestine, liver 
and exocrine pancreas was seriously impeded in all L221 morphants, but the expression 
of those organ-specific genes was only decreased in some L159 morphants. Therefore, 
the knock-down experiments suggest that Appbp2, L159, L221 and L245 are likely to 
contribute to the organogenesis of intestine, liver and exocrine panaceas at the cell-
proliferation stage.  
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As reviewed in chapter I, in zebrafish, Nodal signaling plays a decisive role in endoderm 
specification (Ober et al., 2003). wnt signaling pathway is involved in the initiation of 
hepatoblast differentiation (Ober et al., 2006). Besides these two signaling pathways, 
some other factors function specifically only in certain endoderm organ(s) (e.g., hhex in 
liver, pdx1 and ptf1a in pancreas); others are known to be general factors (e.g., shh and 
notch signaling). Apparently, the final size and shape of an organ and its proper position 
in the body could be perfectly achieved only when the interaction of differentially 
expressed organ-specific factors with general factors is precisely regulated. However, 
little is known about the involvement of any pan-endoderm-specific factors to coordinate 
the expansion growth of the entire digestive system at the later stage. Here, we propose 
that Def, like npo (Mayer and Fishman, 2003), is one of the pan-endoderm-specific 
factors to coordinate the proliferation of cells within digestive system.  
The retroviral insertion in def gene resulted in cell proliferation arrest in digestive organs 
in the defhi429 mutant. 5 proteins, Rybp, Appbp2, L159, L221 and L245, identified as Def 
in vitro interacting proteins were found to contribute to the development of intestine, liver 
and exocrine pancreas as well. Although Chen et al identified Δ113p53, a short form of 
p53 gene, to be responsible for the defective phenotype of digestive organs in cell 
division arrest (Chen et al., 2005), a major question that has not been addressed is how 
Def regulates Δ113p53 expression to control the cell cycle. In the future, firstly, we need 
to confirm the in vivo interactions between Def and Appbp2, L159, L221 or L245 using 
Co-IP assay. Secondly, to systemically understand the functions of the four genes, 
appbp2, L159, L221 and L245, we need to further analyze the development of digestive 
organs in morphants individually injected with their gene-specific morpholinos using 
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more molecular markers, especially the markers in the early stage during embryogenesis. 
Thirdly, we would confirm whether rybp, appbp2, L159, L221 and L245 share a same 
pathway as def to regulate the development of digestive organs by comparing the 
expression profiles of defhi429 mutants, appbp2 morphants, L159 morphants, L221 
morphants and L245 morphants. Finally, if they share the same downstream genes, we 
would study the network among def, Δ113p53 and rybp, appbp2, L159, L221 or L245.  
Δ113p53 alternative promoter may be a key point to address this question. Since the 
specificities of many DNA binding protein (including transcription factors) were revealed 
by chromatin immunoprecipitation (ChIP) assay, which refers to a procedure used to 
determine whether a given protein binds to or is localized to a specific DNA sequence in 
vivo (Strahl-Bolsinger et al., 1997; Evans et al., 2000), this method is suitable to confirm 
whether Def can bind to this promoter to inhibit the transcription of Δ113p53, and to 
identify the direct relation between Δ113p53 promoter and other proteins identified in 
yeast two-hybrid assay as well, such as Rybp or L159. In conclusion, these future studies 
would help us to understand the biological functions of def as a pan-endoderm-specific 
factor in genetic network, while the studies would fill up a deficiency in the current 
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